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P r e d i c t i o n  and Cor rec t i on  o f  Propagation-Induced Depth Measurement Biases 
p l u s  Signal A t tenuat ion  and Beam Spreading f o r  A i  rborne Laser Hydrography 

Gary C. Guenther 
NOAA/Nat i  onal Ocean Serv ice 

Rockvi 11 e, Maryl and 20852 

and 

Robert W. L. Thomas 
EG&G/Washi ngton Ana ly t i  c Services Center 

R i  verdale, Maryl and 20737 

ABSTRACT. Monte Car lo  s imu la t i on  techniques have been 
a p p l i e d  t o  underwater 1 i g h t  propagat ion t o  c a l c u l a t e  
t h e  magnitudes o f  propagat i  on-i nduced depth measurement 
b i a s  e r r o r s  as w e l l  as s p a t i a l  beam spreading and 
s igna l  a t tenua t ion  f o r  a i  rborne 1 aser hydrography. The 
b i a s  e r r o r s  a re  caused by t h e  s p a t i a l  and subsequent 
temporal d i spe rs ion  o f  t h e  l a s e r  beam by p a r t i c u l a t e  
s c a t t e r i n g  as i t  t w i c e  t rave rses  t h e  water column. 
Beam spreading r e s u l t s  d i c t a t e  s p a t i a l  reso lu t i o r !  a t  
t h e  bottom and t h e  r e c e i v e r  f i e l d - o f - v i e w  
requirement . Sample temporal response func t i ons  a r e  
presented. The pu lse  energy and peak power a t t e n u a t i o n  
r e l a t i o n s h i p s  developed can be used t o  p r e d i c t  maximum 
p e n e t r a t i o n  depths. Pred ic ted  depth measurement b iases 
a re  repor ted  as func t i ons  of scanner n a d i r  angle, 
phys i ca l  depth, o p t i  c a l  depth, s c a t t e r i  ng - phase 
func t ion ,  s i n g l e - s c a t t e r i n g  albedo, and r e c e i v e r  f i e l d  
o f  view f o r  severa l  d i ve rse  s i g n a l  process ing and pu lse  
l o c a t i o n  a lgor i thms.  Bias v a r i a t i o n s  as a f u n c t i o n  o f  
unknown ( i n .  t h e  f i e l d )  water  o p t i c a l  parameters a re  
seen t o  be minimized f o r  c e r t a i n  l i m i t e d  ranges o f  
n a d i r  angles whose values depend on t h e  process ing 
p ro toco l .  Bias c o r r e c t o r s  f o r  use on f i e l d  data a r e  
repo r ted  as func t i ons  of n a d i r  ang le  and depth. 



1.0 INTRODUCTION 

The basic premise o f  a i rborne l a s e r  hydrography i s  t h a t  t h e  water depth 
can be determined by measuring t h e  round- t r ip  t r a n s i t  t ime f o r  a shor t  
durat ion l i g h t  pulse. The pulse i s  envisioned as t r a v e l l i . n g  t o  t h e  bottom and 
back t o  the  surface along a f i xed  path a t  a known angle f rom t h e  v e r t i c a l .  
This simple model does not take i n t o  considerat ion the  s p a t i a l  and temporal 
spreading o f  t h e  beam i n  t h e  water caused by s c a t t e r i n g  from entrained. organic 
and i norgani c p a r t i c u l a t e  materi  a1 s . 

A n a l y t i c a l  computations by Thomas and Guenther (1979) i nd i ca ted  the  
existence o f  a s i g n i f i c a n t  depth measurement b ias toward greater depths f o r  
operations o f  an a i rborne l a s e r  hydrography system a t  nadir.  The b ias  a r i s e s  

from a lengthening o f  the t o t a l  i n teg ra ted  path length due t o  the  m u l t i p l e -  
s c a t t e r i n g  t ranspor t  mechanism by which the  l a s e r  r a d i a t i o n  spreads as i t  
traverses the  water column. This i s  t he  so-cal led "pulse s t re t ch ing "  
e f f e c t .  For o f f - n a d i r  beam entry  angles, t h e  assumed o r  "reference" path i s  

t he  unscattered ray i n  the medium (see Fig. 1) generated by Sne l l ' s  Law 

r e f r a c t i o n  a t  a f l a t  surface. There i s  a propensi ty f o r  t he  core o f  t h e  

downwelling energy d i s t r i b u t i o n  t o  be skewed away from t h i s  path toward the 
v e r t i c a l  i n t o  the  so-cal led "undercutt ing" region, due t o  the  fact .  t h a t ' t h e  
average path length i s  shorter, and hence the  at tenuat ion i s  less. The energy 
r e t u r n i n g  from t h i s  region tends t o  a r r i v e  a t  t h e  a i rborne receiver  e a r l i e r  

than t h a t  from the reference path f o r  t he  same reason. This causes a depth 
measurement b ias  toward t h e  shallow side. These two opposing biases superpose 
t o  y i e l d  depth estimates which, although they depend on water o p t i c a l  
propert ies,  are general ly biased deep f o r  small beam en t ry  nad i r  angles and 
shallow f o r  l a rge  nad i r  angles. The net biases can g r e a t l y  exceed 
i n t e r n a t i o n a l  hydrographic accuracy standards . 

The key t o  q u a n t i f i c a t i o n  of t h e  e f f e c t s  o f  s c a t t e r i n g  i s  t he  generation 
o f  a se t  o f  response funct ions f o r - t h e  propagation geometry which character ize 
the  temporal h i s t o r y  o f  r a d i a t i o n  reaching the  receiver  fo r  an impulse input .  
Although various a n a l y t i c  approximations can be achieved v i a  s i m p l i f y i n g  
assumptions, the actual  formal problem i s  e f f e c t i v e l y  i n t r a c t a b l e  due t o  t h e  
complexity o f  t h e  m u l t i p l e  scat ter ing.  Monte Car lo s imulat ion i s  a p r a c t i c a l  
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method of generating t h e  needed impulse response funct ions ( I R F s )  . A powerful 

new Monte Carlo s imulat ion technique has been developed and exercised t o  model 
t h e  e f f e c t  o f  underwater r a d i a t i v e  t r a n s f e r  processes on a i rborne 1 i d a r  
s ignals  f o r  impulse l a s e r  i npu ts  t o  homogenous and inhomogeneous water 
columns. The water parameters and systems cons t ra in t s  o f  t h e  computations a re  
appropr iate t o  a i  rborne 1 aser hydrography systems p resen t l y  under 
considerat ion f o r  use i n  coastal  waters. Simulat ion r e s u l t s  i nc lude  f u l l  sets  
o f  s p a t i a l  and'temporal d i s t r i b u t i o n s .  Hor izontal  r e s o l u t i o n  a t  t he  bottom 
and rece ive r  f ie ld-of-v iew requirements are der ived from t h e  s p a t i a l  r e s u l t s .  

The impulse responses from t h e  s imulat ion have been convolved w i t h  a 
r e a l i s t i c  source pulse t o  y i e l d  expected bottom r e t u r n  s ignal  c h a r a c t e r i s t i c s ,  
the so-cal l e d  envi ronmental response funct ions ( E R F s )  a t  a d i s t a n t ,  o f f  -nadi r 
a i rborne receiver.  Appropr a t e  volume backscatter decay has been added t o  t h e  
leading edge of each E R F .  Depth measurement biases have been estimated by 

apply ing r e a l i s t i c  s ignal  processing and pulse l o c a t i o n  algori thms t o  t h e  
augmented ERFs. Result ing outputs are pulse shapes, peak power, and, most 
impor tant ly ,  depth measurement b ias  predic t ions.  Bias s e n s i t i v i t i e s  t o  i n p u t  
parameters are examined i n  d e t a i l .  

It i s  important t h a t  t h e  propagation-induced depth measurement biases be 
accurately calculated, because i f t h e  predic ted biases do exceed an acceptable 
magnitude, they can, a t  l e a s t  conceptual ly, be appl ied t o  f i e l d  data as b ias  
correctors  i n p o s t - f l  i ght data processi ng t o  maintain system performance 
w i t h i n  the  e r r o r  budget. 
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2.0 SIMULATION DESCRIPTION 

2.1 Background 

Prel  i m i  nary s imulat ion r e s u l t s  were reported i n  Guenther and Thomas 1981a 

and 1981b. D r .  H. S. Lee (1982) pointed out t h a t  f o r  o f f - n a d i r  operation, t h e  

methodology d i d  not  model t h e  ef fect  of geometric v a r i a t i o n  i n  t h e  l eng th  o f  

the a i r  path t o  the receiver  across the  e x i t  spot a t  t h e  water /a i r  i n te r face .  

Since i t  was not poss ib le  w i t h  the  given approach t o  ob ta in  t h e  necessary 

spat ia l / temporal  d i s t r i b u t i o n  o f  bottom r e f l e c t e d  energy a t  t he  surfacep a 

modi f ied technique for  c a l c u l a t i n g  the  off-nadi r receiver  impulse response 

funct ions was devel oped. 

I n  t h e  o r i  g i  nal  version, t h e  downwell i ng response was d i g i t a l  l y  convol ved 
w i t h  a s l i g h t l y  modif ied version of i t s e l f  t o  produce the round- t r i p  tempora.1 

response function. This funct ion c o r r e c t l y  represents t h e  ensemble o f  

r e t u r n i n g  photons a t  t he  water /a i r  i n t e r f a c e  and a l so  the r e t u r n  a t  a d i s t a n t  
receiver  f o r  n a d i r  operation. Because o f  vary ing a i r -pa th  lengths across t h e  

e x i t  spot, t o  a d i s t a n t  o f f -nadi r  receiver,  however, a set  c f  separate 

upwell i ng response funct ions across the e x i t  spot i s requi  red f o r  c a l  cu l  a t i  on 
o f  the of f -nadir  receiver  response functions. A new s o l u t i o n  was developed 
which independently preserves both temporal and s p a t i a l  in format ion by p a i r i n g  

each i n d i v i d u a l  downwelling photon path w i t h  a l l  ( o r  a selected set  o f )  o the r  

paths. For selected receiver  f i e l d s  o f  view, t h e  known temporal l eng th  o f  t h e  
a i r  path from the surface t o  the  receiver  f o r  each path p a i r  i s  added t o  t h e  
associated water t r a n s i t  t ime t o  y i e l d  a combined, t o t a l  t r a n s i t  time. The 
FOV f u n c t i o n a l i t y  i s  an added s ide benef i t  which was no t  prev ious ly  avai lab le.  

The net  e f f e c t  o f  t h i s  mod i f i ca t i on  i s  t o  permit  t h e  e a r l i e r  a r r i v a l  o f  a 
p o r t i o n  of t he  energy scattered back toward the  a i r c r a f t  i n t o  t h e  
"undercutt ing" region due t o  a shor ter  a i r  path. This i n  t u r n  causes t h e  

r e s u l t a n t  biases t o  be somewhat more i n  the shallow d i r e c t i o n  than p rev ious l y  
calculated, by an amount which i ncreases w i t h  i ncreasi ng o f f  -nadi r angle. The 
newly d e r i  ved bi ases and b i  as f u n c t i  onal i ti es are reported here? n . 
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Add i t i ona l l y ,  t h e  prev ious ly  reported b ias r e s u l t s  f o r  processing 
procedures planned f o r  the U. S. Navy's Hydrographic Airborne Laser Sounder 
(HALS) system -- t h e  log/difference/CFD protocol  (Guenther 1982) -- were based 

on the s i m p l i f y i n g  assumption t h a t  the e f f e c t  o f  the volume backscatter energy 
preceding the bottom r e t u r n  i s  neg l i g ib le .  This assumption was questionable 

f o r  some o f  the " d i r t i e r "  water c l a r i t y  condi t ions expected i n  coastal waters 
and undoubtedly l e d  t o  a c e r t a i n  amount of e r r o r  i n  the bias predic t ions.  The 

HALS processing procedure for  s imulat ion data has now been upgraded t o  inc lude 
t h e  volume backscatter s ignal  appropr iate t o  each respect ive ERF, and the  

biases reported here in f u l l y  r e f l e c t  those expected under f i e l d  condi t ions . 

2.2 Simulat ion Mechanics 

I n  the  Monte Car lo approach, the t ranspor t  of photons t o  the bottom i s  
modeled as a ser ies of i n d i v i d u a l ,  random s c a t t e r i n g  and absorpt ion even'ts i n  
the  water column. Spat ia l  and temporal d i s t r i b u t i o n s  o f  photons a r r i v i n g  a t  

t h e  bottom are accumulated over a l a rge  number of representat ive paths. These 
d i s t r i b u t i o n s  are then manipulated a n a l y t i c a l l y  t o  produce the estimated 

response a t  a d i s t a n t  airborne receiver. 

2.2.1 D e f i n i t i o n s  and Procedures 

T r a d i t i o n a l l y ,  the mean f r e e  path f o r  r a d i a t i o n  t ranspor t  through water 
i s  described through a parameter c a l l  ed t h e  "narrow-beam a t tenua t ion  
c o e f f i c i e n t " ,  a( A ) ,  which i s  compromised of two components: s c a t t e r i n g  and 
absorption. I f  "s" i s  the s c a t t e r i n g  c o e f f i c i e n t  and 'la'' i s  t he  absorpt ion 
c o e f f i c i e n t ,  then a(A) = a(A) + s ( X ) .  The values o f  these water o p t i c a l  
proper t ies depend s t rong ly  on wave1 ength , A. For coastal  waters, the minimum 
at tenuat ion occurs i n  the green p o r t i o n  of the v i s i b l e  spectrum. Airborne 
bathymetric l i d a r  systems operate i n  the green i n  order t o  maximize depth 
penetrat ion p o t e n t i a l .  I n  t h i s  repor t ,  the wavelength dependence of the-water  
parameters w i l l  not be e x p l i c i t l y  shown, and a l l  reported numeric values w i l l  
be appropr iate f o r  green wavelengths I f  a monochromatic beam o f  radiance, No, 
i s  i n c i d e n t  on a column o f  water, then the  amount t h a t  remains n e i t h e r  
scat tered nor absorbed a f t e r  t r a v e l l i n g  a distance, d, i s  No.exp ( -  a d). 
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Since the mean of the exponential occurs a t  the mean f r e e  path, q, 

i s  equal t o  a-'. The v e r t i c a l  "op t i ca l  depth" o f  the medium, def in2d as the 

number of mean free path lengths required t o  v e r t i c a l l y  t raverse the  medium t o  

the bottom f o r  a depth, D, i s  D/q which i s  thus equal t o  aD. 

a d = 1, 

I n  the  simulat ion,  the distance between s c a t t e r i n g  events i s  assumed t o  

, be exponent ia l ly  d i s t r i b u t e d  w i t h  a ''mean free path", q. I n d i v i d u a l  path 

lengths, L, are generated from the  expression L = -q I n  p, where p i s  a 

rec tangu la r l y  d i s t r i b u t e d  random number i n  the i n t e r v a l  (091). 

The "albedo f o r  s i n g l e  scat ter ing" ,  ~ 0 ,  i s  the average f r a c t i o n  o f  the 
i n c i d e n t  energy a t  each s c a t t e r i n g  event t h a t  i s  not  absorbed: i .e., 

wd ( a  - a ) / a  = s/a. For t y p i c a l  coastal waters, % ranges from about 0.55 
t o  0.93 a t  green wavelengths. I n  the simulat ions, photons are not a c t u a l l y  

e l iminated by absorpt ion as they might be i n  the rea l  world. Fo l lowing the 
method o f  Plass and Kattawar (1971), t h e i r  behavior i s  represented by 

r e t a i n i n g  photon weights ( i n i t i a l l y  u n i t y )  which are m u l t i p l i e d  by a vector o f  
~0 values a t  each s c a t t e r i n g  event. I n  t h i s  way, the photons are not removed 

from the simulat ion,  and r e s u l t s  can be ,convenient ly accumulated for  many 

values o f  % a t  the same time. 

Photons change d i  r e c t i o n  a t  a1 1 s c a t t e r i n g  events. The s c a t t e r i n g  angle 
$ f r o m  the i nc iden t  d i r e c t i o n  i s  generated according t o  the "phase funct ion",  
P( $), which def ines the p r o b a b i l i t y  t h a t  the photon w i l l  s c a t t e r  i n t o  a u n i t  

s o l i d  angle a t  $. Since the s o l i d  angle between 11 and $ t dg  i s  
2r s i n $  d$, t he  p r o b a b i l i t y  o f  occurrence o f  $ i n  t h a t  range i s  

p ' ( ~ ) ) d $  = 2a s i n $  P($) d$. Note t h a t  the phase func t i on  i s  simply the ''volume 
s c a t t e d  ng funct ion"  normal i zed t o  exclude speci f i c  water c l a r i t y  condi t ions 
by d i v i d i n g  by the s c a t t e r i n g  c o e f f i c i e n t ,  I%' ' .  The random value o f  each 
simulated s c a t t e r i n g  angle, %, i s  generated by c a l c u l a t i n g  and t a b u l a t i n g  the  
cumulative p r o b a b i l i t y  fo r  a given phase funct ion as a func t i on  of JI and 
sampling the i n t e r p o l a t e d  r e s u l t s  w i t h  values of p, where p i s  another 

rec tangu la r l y  d i s t r i b u t e d  random number between 0 and 1. 
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Typical  phase funct ions f o r  water a t  green wavelengths (Petzold 1972) 
e x h i b i t  very strong forward scat ter ing.  For t he  l i d a r  s imulat ions,  two 

bounding phase funct ions f o r  coastal  waters designated "NAVY" o r  "clean1' 
(Petzol d HAOCE-5) and IINOS" o r  "d i  r t y "  (Petzol d NUC-2200) were u t i  1 i zed. As 

seen i n  Fig. 2, these 'phase funct ions increase by a f a c t o r  of more than 1,000 
as the  s c a t t e r i n g  angle diminishes from 10 t o  0.1 degrees. The cumulative 
d i s t r i b u t i o n  funct ions i n  Fig. 3 demonstrate t h a t  roughly a qua r te r  o f  t h e  
s c a t t e r i n g  occurs a t  angles o f  l ess  than 1" and t h a t  three- four ths occurs 

under 10'. S c a t t e r i  ng resul  t s  both from opaque i norgani c p a r t i c l e s  and 
t rans lucent  organics. Size d i s t r i b u t i o n s  vary widely with l oca t i on .  The 
1 arge forward s c a t t e r i n g  observed i ndi cates t h a t  

inorganics o f  over micron s i ze  as we l l  as organ 

1974) . 
The "inherent1' parameters a, wo, and P( . 

t h e  dominant sca t te re rs  are 
cs o f  various s izes (Gordon 

I), along w i t h  D, are t h e  
independent descr ip tors  o f  t he  t ranspor t  medi urn character i  s t i  cs requi  red as 
i n p u t s  by the  s imulat ion and are thus a l so  t h e  o p t i c a l  p roper t i es  upon which 
the  biases are u l t i m a t e l y  parameterized. The re la t i onsh jps  between these 
parameters and t h e  parameters governing t h e  "apparent" p roper t i es  o f  t he  
medium have been discussed by Gordon, Brown, and Jacobs (1975). The most 

important apparent o p t i c a l  parameter i s  K( A ) ,  t h e  so-cal led " d i f f u s e  
at tenuat ion coef f ic ient , "  which i s  defined as the f r a c t i o n a l  r a t e  o f  decay of 
t he  downwelling f l u x  w i t h  depth. For small depths, K depends on both t h e  
depth i t s e l f  and the angle of incidence o f  the r a d i a t i o n  a t  t he  surface; bu t  
f o r  l a r g e r  depths these dependences become very small, and K approaches an 
asymptotic value. The r a t i o ,  K/a, as seen i n  Fig. 4 f o r  t y p i c a l  na tu ra l  
waters, i s  a monotonical ly decreasing func t i on  o f  w0, which has a value o f  

u n i t y  when 00 i s  zero and which decreases t o  zero as ~0 tends t o  u n i t y  
(Timofeyeva and Gorobets 1967, Pr ieur  and Morel 1971). There a re  small 
dependences on the  phase func t i on  and o p t i c a l  depth, but these are unimportant 
f o r  app l i ca t i ons  i n  coastal  waters. 

\ 

The energy loss o f  t h e  downwelling beam as a f u n c t i o n  of depth, and hence 
the maximum useable "penetrat ion" depth for  a l a s e r  system, i s  most e a s i l y  
described i n  terms o f  K. I n  a s i m i l a r  fashion, K d i c t a t e s  t h e  i n t e n s i t y  and 
r a t e  of decay of the volume backscatter s ignal  preceding the bottom re tu rn .  
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The biases, however, are - not f u n c t i o n a l l y  dependent on K or KD, bu t  r a t h e r  on 

dl o r  sD=%crD. Combinations o f  a and ~0 which produce t h e  same value o f  K do 
not y i e l d  the  same biases. 

2.2.2 .Downwelling D i s t r i b u t i o n s  

Spat ia l ,  temporal, and angular d i s t r i b u t i o n s  o f  downwell i n g  photons are 
accumulated a t  each of a ser ies of o p t i c a l  depths between 2 and 16 as photons 

pass'through these var ious l eve l s .  I n  t h i s  way, r e s u l t s  f o r  a complete set  o f  
bottom o p t i c a l  depths are generated i n  a s i n g l e  run. The lengths o f  t h e  
photon paths f o r  photons reaching t h e  bottom are summed t o  a l low an eva lua t i on  
o f  t he  associated t ime  delay. The minimum t ime o f  t r a n s l t  t o  the bottom i s  
tw = Djc, where c i s  t h e  v e l o c i t y .  o f  l i g h t  i n  water. The t ime "delay" f o r  
paths o f  length L i  i s  then computed as t D  = C Li/C - tw. By performing t h i s  
computation f o r  a l a r g e  number o f  downwelling photons, t h e  downwelling impulse 
response func t i on  d(tD) i s  accumulated as a histogram represent ing t h e  
d i s t r i b u t i o n  o f  a r r i v a l  t imes o f  photons i n c i d e n t  on t h e  bottom. For 
s imulat ions intended t o  produce power and depth measurement b ias resu l t s ,  
which need not conserve t o t a l  energy, photons accruing delays o f  greater  than 
a quar ter  o r  a h a l f  of t he  depth t r a n s i t  t ime (depending on the n a d i r  angle) 
were terminated t o  save computer t ime because they would con t r i bu te  only t o  
the  extended t a i l  of the temporal d i s t r i b u t i o n .  

An important gain i n  the  in format ion content o f  t h e  r e s u l t s  a r i ses  from 
the  r e a l i z a t i o n  that ,  f o r  given values o f  c8 and ~0 a l l  temporal r e s u l t s  sca le 
l i n e a r l y  w i t f i  t he  depth. This i s  i l l u s t r a t e d  i n  Fig. 5 where representat ive 
photon paths are shown f o r  two cases w i t h  the  same c8 but  w i t h  d i f f e r e n t  
values o f  D. The photon paths f o r  t h e  two cases are geometr ical ly " s i m i l a r "  
so t h a t  t he  f r a c t i o n a l  t ime delays, t D / t w ,  are i d e n t i c a l .  The absolute t ime 
delays thus scale l i n e a r l y  w i t h  D, and one se t  of normalized response 
funct ions can be used t o  generate absolute r e s u l t s  f o r  a l l  depths. 

2.2.3 Impulse Response a t  a Dis tant  Receiver 

Several techniques were considered f o r  completing the  s imulat ion t o  a 
d i s t a n t  a i rborne receiver.  The d i r e c t ,  geometric approach of t r a c k i n g  photon 
paths t o  a d i s t a n t  receiver  a f t e r  a round- t r ip  path through the  water was 
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considered impract ica l  because t h e  very low p r o b a b i l i t y  o f  such events would 

lead t o  excessive computer usage. A sometimes useful  technique i n v o l v i n g  

" v i r t u a l  I' photons, termed t h e  "method of  s t a t i s t i c a l  est imat ion" by Spanier 

and Gelbard (1969), invo lves the  c a l c u l a t i o n  and summing a t  each s c a t t e r i n g  

event o f  weighted s c a t t e r i n g  p r o b a b i l i t i e s  i n  t h e  d i r e c t i o n  o f  t h e  d i s t a n t  

recei  ver. This approach was attempted, but  lead t o  noi sy, i rreproduci  b l  e 

behavior f o r  as many as lo5 i nc iden t  photons due t o  t h e  h i g h l y  peaked nature 

o f  t he  Petzold coastal  phase functions. (The method was moderately successful 

w i t h  broader phase funct ions such as t h e  "KB" f u n c t i o n  favored by Gordon, 

Brown, and Jacobs (1975) f o r  c l e a r  ocean water.) 

The round- t r ip  impulse response func t i on  ( I R F )  i n  t h e  water can be 
computed f r o m  t h e  downwelling d i s t r i b u t i o n s  us ing t h e  p r i n c i p l e  o f  

I 'reci p roc i  ty"  (Chandrasekhar 1960). Reciproc i ty  i s a statenent o f  symmetry o r  
r e v e r s i b i l i t y  which, when appl ied t o  a i rborne l i d a r ,  impl ies t h a t  the ensemble 
o f  v i a b l e  s c a t t e r i n g  paths i n  t h e  water i s  i d e n t i c a l  f o r  downwelling and 

upwel l ing rad ia t i on ,  because t h e  e x i t i n g  photons must leave the  medium i n  t h e  
opposi te d i r e c t i o n  from which they entered i n  order t o  reach t h e  d i s t a n t  

recei,ver colocated w i t h  the 1 aser source. I n  other  words, r e c i  p roc i  t y  

requi res t h a t  the s t a t i s t i c a l  ensemble of t h e  unmodelled upwel l ing paths i n  
the  d i r e c t i o n  of a d i s t a n t  receiver  fo r  photons. r e f l e c t e d  a t  the bottom be 
i d e n t i c a l  t o  t h a t  f o r  t h e  simulated downwelling paths from a colocated 

t ransmi t te r .  This i s  not a dec larat ion t h a t  t he  downwelling and upwel l ing 

paths are p h y s i c a l l y  i d e n t i c a l ,  but  r a t h e r  t h a t  t h e  se t  of simulated 
downwelling photon t racks can be regarded as representat ive f o r  both cases. 

The subset o f  t h e  downwelling paths u t i l i z e d  by upwel l ing r a d i a t i o n  i s  
determined by the  weight ing funct ion f o r  t he  bottom r e f l e c t i o n .  

.To ob ta in  a round- t r ip  impulse response func t i on  i n  t h e  water, t h e  

computed impul se response d (  t D )  for  downwell i ng t ranspor t  can be convolved 
d i g i t a l l y  over the  upwel l ing d i s t r i b u t i o n ,  u( tD)  . For an assumed Lambertian 
bottom r e f l e c t i o n  d i s t r i b u t i o n ,  t he  upwel l ing d i s t r i b u t i o n  i s  computed by 
m u l t i p l y i n g  the  weights of downwelling photons reaching t h e  bottom by t h e  
cosine o f  t h e i r  a r r i v a l  nad i r  angles. The convolut ion r e s u l t  i s  the round- 
t r i p  IRF a t  the  wa te r /a i r  interface..  This r e s u l t ,  however, does no t  i nc lude  
the  subsequent v a r i a t i o n  i n  the a i r -pa th  l eng th  t o  t h e  d i s t a n t  receiver  across 
t h e  upwel l ing surface d i s t r i b u t i o n .  This i s  an important e f fect  which 
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s i g n i f i c a n t l y  a l t e r s  the shape of t he  IRF, except perhaps a t  n a d i r  where t h e  
a i r -pa th  v a r i a t i o n  i s  not as great, and i t  cannot be neglected. For o f f - n a d i r  

angles, t he  shor test  t o t a l  round- t r ip  path, as seen i n  Fig.  6, i s  no longer 
t h e  one i n c l u d i n g  a v e r t i c a l  path t o  the bottom, bu t  ra ther ,  due t o  the  
sho r te r  a i r  path, one i n  which the photons a r r i v e  a t  the bottom c lose r  t o  the 
a i r c r a f t .  Thus, h i g h l y  scat tered energy which would have returned i n  the 

t r a i l i n g  edge of t he  IRF a c t u a l l y  def ines the  leading edge. With the 

convolut ion approach, t he  temporal response var ies i n  an unknown manner across 

t h e  upwel l ing d i s t r i b u t i o n ,  and the  d i s t a n t  receiver  IRF cannot be ca lcu lated.  

I n  order t o  c a l c u l a t e  the IRF a t  a d i s tan t ,  o f f - n a d i r  receiver,  one must 

know the t ime h i s t o r y  of each re tu rn ing  photon and i t s  l o c a t i o n  i n  the  

upwel l ing surface d i s t r i b u t i o n .  This can be accomplished by using the concept 

of r e c i p r o c i t y  i n  a s l i g h t l y  d i f ferent ,  more d i s c r e t e  way. As before, the 
simulated downwelling paths are judged t o  be representat ive o f  t he  upwel l ing 
paths for  photons which w i l l  e x i t  the water i n  the d i r e c t i o n  of the receiver,  

and s p e c i f i c  upwel l ing paths are selected by Lambertian (cosine) weight ing o f  
t h e  downwelling paths. Rather than i m p l i c i t l y  computing the ef fect  of a l l  
poss ib le  path pa i r i ngs  o f  the downwelling photons by convolut ion, one can form 

each poss ib le  path p a i r  d i r e c t l y ,  as seen i n  Fig. 7 f o r  two sample paths. 
Propagation delay times o f  pa i  red paths are combined w i t h  t h e i  r appropr i  a te  
geometric a i r -path delays from the surface e x i t  l o c a t i o n  t o  the receiver.  For 
selected f i e l d s  o f  view, historgams o f  these t o t a l  t r a n s i t  delay times are 
formed t o  produce the receiver  IRFs. 

Since t h e  s e t  of a l l  poss ib le  path p a i r s  i s  not  s t a t i s t i c a l l y  
independent, a smaller subset o f  these pa i rs  can be used ( t o  save computer 

t ime)  w i t h  very l i t t l e  loss i n  informat ion.  Several v a r i a t i o n s  o f  photon 
number and p a i r i n g  combinatiohs were examined i n  order t o  f i n d  the most cost -  
e f f e c t i v e  approach. Reported r e s u l t s  are based on 1000 downwell i ng photon 
paths pai red with a block o f  25 randomly selected upwel l ing paths fo r  a t o t a l  
o f  25,000 round- t r ip  paths. This i s  a minimum acceptable number, as the 
r e s u l t i n g  IRFs are somewhat noisy f o r  cases o f  h igh at tenuat ion,  i .e., 
concurrent low 00 and h igh aD. A l a r g e r  number of photons and/or p a i r i n g s  
would be b e n e f i c i a l ,  but a much l a r g e r  set  would be required t o  s i g n i f i c a n t l y  
improve performance. 
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2.2.4 Inhomogeneous Media 

The simulat ions were p r i m a r i l y  performed f o r  homogeneous water i n  which 
the  densi ty  and nature o f  t he  s c a t t e r i n g  p a r t i c l e s  are independent o f  depth. 
It i s  wel l  known, however, t h a t  s i g n i f i c a n t  departures from homogeneity occur 

f requen t l y  i n  coastal waters. It was important, therefore, t o  assess t h e  
e r r o r  magnitudes caused by u s i  ng homogeneous' case biases when s i  gni f i cant 

departures from homogeneity occur. The e x i s t i n g  Monte Car lo s imu la t i on  
program was modif ied (Guenther and Thomas 1981c) t o  permit  simultaneous 

est imat ion o f  impulse response functions f o r  several exaggerated v e r t i c a l  
d i s t r i b u t i o n s  of sca t te re rs  and absorbers, as seen i n  Fig, 8. The r e s u l t i n g  

IRFs were d i g i t a l l y  convolved w i t h  a 7-ns t r i a n g u l a r  source pulse t o  produce 
t h e  "environmental response functions" (ERFs) . L i  near f r a c t i o n a l  threshold 
pulse l oca to rs  were appl ied t o  the  ERFs t o  determine the biases and t h e  
d i f ferences i n  b ias  e r r o r s  between t h e  homogeneous case and t h e  var ious 

inhomogeneous model s . The b i  ases, even f o r  these ex t  reme i nhomogenei t i es , 
were found t o  d i f f e r  from those of t he  homogeneous case by l ess  than 10 cm. 

The s imulat ion r e s u l t s  f o r  homogeneous waters are thus considered t o  be 

s u f f i c i e n t l y  representat ive f o r  t y p i c a l  na tu ra l  coastal  waters. 

2.2.5 Program Val idat ion 

Because o f  the.complex i ty  of t h e  s c a t t e r i n g  processes and geometry, i t  i s  
be l ieved t h a t  a n a l y t i c  ca l cu la t i ons  can provide only approximations, and t h a t  
Monte Carlo s imulat ion i s  t he  most d i r e c t  approach and provides t h e  most 

. accurate computation of t he  impulse response funct ions.  The program must, 
therefore,  be validated on t h e  basis of ancillary outputs which can be 

compared with known quanti  t i e s  o r  re1 a t i  onshi ps . 
The Monte Carlo l a s e r  hydrography s imulat ion i s  an extension of an 

e x i s t i n g  program whose various modules were debugged and va l idated through 
extensive a p p l i c a t i o n  t o  atmospheric s c a t t e r i n g  problems. Mod i f i ca t i ons  were 
made p r i m a r i l y  t o  t he  s c a t t e r i n g  funct ions and geometry. It was thus 
important t o  conf i rm known f a c t s  such as t h a t  the downwelling f l u x  decays 
exponent ia l ly  with o p t i c a l  depth and t h a t  t he  r a t e  of decay i s  appropr iate f o r  
t h e  given o p t i c a l  propert ies.  As seen i n  sect ion 4.2, t h e  f u n c t i o n a l i t y  
between K/a and ~0 der ived from the  s imulat ion was found t o  be i n  exce l l en t  
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agreement w i t h  experimental data from Timofeyeva and Gorobets (1967) and the 
theory o f  P r ieu r  and Morel (1971). I n  addi t ion,  the s p a t i a l  and temporal 

d i s t r i b u t i o n s  are consis tent  w i t h  s i m p l i f i e d  a n a l y t i c  propagation models; and 
the subsequently der ived biases fo r  nad i r  en t r y  are i n  good agreement w i t h  the  

a n a l y t i c  est imates o f  Thomas and Guenther (1979) . These successful 
p red i  c t i  ons 1 end credence t o  the o v e r a l l  r e s u l t s  . 

9 

S u f f i c i e n t  photons were simulated t o  insure t h a t  the standard e r r o r  i n  

sampled quan t i t i es ,  such as energy i n  the  IRF t ime bins, was genera l ly  l e s s  
than ten percent, regardless of t he  random number sequence, fo r  parameter 

ranges o f  i n t e r e s t .  Results f o r  f+,'o.4 d i d  not meet t h i s  c r i t e r i o n  and were 
re jec ted  f r o m  f u r t h e r  use. High c9 IRFs w i t h  uO=O.6 were a l so  s l i g h t l y  

noi  s i  er than desi red. 

2.3 Simulation Outputs 

For each of t he  two phase functions, s i x  s imulat ion runs (with n a d i r  
angles i n  a i r  o f  0, 10, 15, 20, 25, and 30 degrees) were performed, f o r  a 

t o t a l  o f  twel  ve runs. . To ensure comprehensi ve r e s u l t s  sets, s i  mu1 a t i  ons over 

f u l l  ranges of c8 (2 - 16) and wo (0.6 - 0.9) were run f o r  each case. F ive 
values o f  o p t i c a l  depth and three values o f  s ing le -sca t te r i ng  albedo were 

employed in each simulation run so that 15 se ts  o f  r e s u l t s  were generated i n  
each run. Spat ia l  and temporal bottom d i s t r i b u t i o n s  were p r i n t e d  f o r  each 
case. A data base conta in ing 180 normalized impulse response funct ions,  each 
resolved i n t o  50 t ime bins, has thus been created. 

Typical  IRFs are seen in Figs. 9, 10, and 11. Much of the evident 
s imulat ion noise w i l l  be smoothed out by subsequent convolut ion w i t h  a t y p i c a l  
source pulse, as seen i n  the fo l lowing section. The abscissae are i n  u n i t s  of 
v e r t i c a l  t r a n s i t  t ime, two The conversion t o  actual  t ime, which i s  depth 
dependent, i s  t ( n s )  = 4.44 D(m) .  The IRF widths thus scale l i n e a r l y  w i t h  
depth. For the  "NAVY" phase func t i on  and a s ing le -sca t te r i ng  albedo o f  0.8, 
Fig. 9 shows the e f f e c t  of nad i r  angle fo r  a f i x e d  o p t i c a l  depth o f  8, wh i l e  
Fig.  10 presents a progression o f  o p t i c a l  depths a t  a 20° nad i r  angle. The 
ef fect  of s ing le -sca t te r i ng  albedo i s  seen i n  Fig. 11. The durat ions of the 
IRF leading and t r a i l i n g  edges are seen t o  increase s u b s t a n t i a l l y  as n a d i r  
angle, o p t i c a l  depth, and s ing le -sca t te r i ng  albedo increase. 
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2.4 Actual Response Functions 

For f i  n i  t e  source pulses, the temporal response f u n c t i  ons are c a l  cu l  a ted 
by convolv ing a selected source ' f unc t i on  w i t h  the  appropr ia te impulse response 
funct ions.  R e a l i s t i c  l i d a r  receiver  i npu ts  or 'lenvi ronmental response 

funct ions"  (ERFs) have been computed by d i  g i  t a l  l y  convol v i  ng t h e  IRFs , scal  ed 

t o  depths of 5 m, 10 m, 20 m, and 40 m, w i t h  a 7-ns (FWHM) t r i a n g u l a r  source 

pulse which i s  representat ive of l a s e r  pulses from a state-of- the-art ,  high 
r e p e t i t i o n  rate,  frequency-doubled Nd:YAG l ase r .  Depth measurement biases f o r  
twelve d i f f e r e n t  combinations o f  s ignal  processing and pulse 1 o c a t i  on 
algor i thms have been ca lcu lated from these ERFs. The ERFs and t h e i r  
associated peak powers and biases are archived on magnetic media f o r  f u tu re  
use. 

Figures 12 and 13 present 2041 ERFs der ived from t h e  IRFs i l l u s t r a t e d  i n  

Figs. 9 and 10. The s imulat ion noise has been s i g n i f i c a n t l y  smoothed by t h e  
convolut ion. For very narrow IRFs, t h e  ERFs are s i m i l a r  t o  t h e  source pulse; 

for broad IRFs, t he  ERFs a re  s i m i l a r  t o  the IRFs. Most cases of p r a c t i c a l  
a p p l i c a t i o n  l i e  between these l i m i t s ,  and t h e  ERF shapes are a unique 
c'ombination o f  both. For a source func t i on  s i g n i f i c a n t l y  d i f f e r e n t  from a 
7-11s t r i a n g l e ,  t h e  ERFs and r e s u l t i n g  biases would need t o  be recomputed by 

convolving the new source func t i on  w i t h  the depth-scaled, archived IRFs. 
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3.0 SPATIAL RESULTS 

3.1 Bottom D i s t r i b u t i o n  

Scatte i g i n  the  water column causes the i n  i d e n t  beam t o  sp d out 

s p a t i a l l y  i n t o  an expanding cone. The extent  o f  t he  spreading depends i n  a 
complex manner on the geometry, the o p t i c a l  depth, the phase funct ion,  and t h e  

s ing le -sca t te r i ng  a1 bedo o f  t h e  water. For of f -nadi  r angles, t he  energy 
dens i t y  d i s t r i b u t i o n  i s  s i g n i f i c a n t l y  skewed toward the  v e r t i c a l  due t o  
reduced at tenuat ion,  as seen i n  F ig .  14. This  p l o t  was generated by 
i n t e g r a t i n g  t h e  a r r i v i n g  energy a t  t h e  bottom i n  a serdes of s t r i p s  
perpendicular t o  the  d i r e c t i o n  o f  t h e  a i r c r a f t .  The skewness i s  more 

pronounced f o r  higher o p t i c a l  'depths, h igher o f f -nadi  r angles, and more h i g h l y  

s c a t t e r i n g  phase funct ions such as "NOS". This e a r l y - a r r i v i n g  energy has a 
l a rge  e f f e c t  on the shape o f  the impulse response funct ion.  

Q u a n t i t a t i v e  r e l a t i o n s h i p s  f o r  the s p a t i a l  extent  o f  the beam have 
prev ious ly  been developed by a n a l y t i c  approximation and phys lca l  
measurements. Concise energy d i s t r i b u t i o n s  f o r  a v a r i e t y  o f  water types were 
measured i n  a laboratory  tank by Duntley (1971). Unfor tunate ly  for  our 
purposes, these r e s u l t s  were based on a detector  whose shape was a spher ical  
llcapll, a l l  o f  which was a t  a constant distance from the l a s e r  source. The 
geometry of i n t e r e s t  for  l a s e r  hydrography i s  a t i l t e d  plane. A simple 
a n a l y t i c  expression based on small angle forward s c a t t e r i n g  approximations 
reported by Je r lov  (1976) has the same drawback, i n  t h a t  it does not t r e a t  t h e  
increased o p t i c a l  depths f o r  o f f - a x i s  paths. Not su rp r i s ing l y ,  therefore,  h i s  
r a d i a l  energy d i s t r i b u t i o n  p red ic t i ons  are i n  f a i r  accordance w i t h  the  Duntley 
measurements, a1 though somewhat 1 arger due t o  the simp1 i s t  i c assumptions . 

Energy d i s t r i b u t i o n s  f o r  a planar detector  (cons is tent  w i t h  a i rborne 
l a s e r  hydrography geometry) have been estimated as an a n c i l l a r y  output of t he  
Monte Car lo propagation s imulat ion.  P lots  o f  50% energy and 90% energy bottom 
d i s t r i b u t i o n  diameters, dB, normalized t o  a v e r t i c a l  water depth, D, are shown 
i n  Fig.  15 ( l e f t  a x i s )  f o r  nad i r  en t r y  and several values o f  ~ 0 .  The curves, 
which are averaged between NAVY and NOS phase functions, are labeled by the  
nth p e r c e n t i l e  energy f r a c t i o n  contained w i th in .  Curves f o r  RMS diameters 
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f a l l  between the two values i l l u s t r a t e d .  The Duntley curves for  50% and 90% 
energy f r a c t i o n s  are included fo r  comparison. A curve der ived from the Je r lov  

re la t i onsh ip ,  which y i e l d s  an RMS diameter, i s  a l so  included f o r  wo = 0.8. 

A fundamental and important funct ional  d i f f e r e n c e  i s  noted between the  

Duntley and Je r lov  r e s u l t s  t o  a spher ical  cap and the  s imulat ion r e s u l t s  t o  a 
plane. The Duntley and Je r lov  f rac t i ona l  diameters cont inue t o  r i s e  w i t h  

increas ing o p t i c a l  depth, wh i l e  t h e  s imulat ion r e s u l t s  saturate.  This 
behavioral d i f f e r e n c e  i s  a t t r i b u t e d  t o  the  d isparate geometries. I n  t h e  

Duntley experiment, t he  of f -axis r a d i a t i o n  t raversed the  same path length as 
the  on-axis rad ia t i on .  For a planar target ,  the added at tenuat ion length f o r  

non-axial paths w i l l  cause a s i g n i f i c a n t  reduct ion i n  the  s ignal  magnitude 
received a t  l a r g e r  angles. This r e s u l t s  i n  a reduct ion of t he  e f fec t i ve  

"spot" diameter -- p a r t i c u l a r l y  for  l a rge  o p t i c a l  depths. This d i f f e r e n t i a l  

path length e f f e c t  i s  much more pronounced f o r  dgo than f o r  d50 due t o  t h e  

l a r g e r  net angles, and the Duntley d90 r e s u l t s  consequently d i f f e r  from the  
s imulat ion by more than the d50 resu l t s .  It can be seen t h a t  f o r  t he  l a r g e  
o p t i c a l  depths, the s imulat ion r e s u l t s  i n d i c a t e  t h a t  t he  diameter o f  t he  

50% energy f r a c t i o n  a t  the bottom i s  roughly h a l f  the water depth, and the 

diameter of t he  90% energy f r a c t i o n  i s  somewhat greater  than t h e  water 
depth. Mean and RMS diameters f a l l  between these bounds. 

3.2 Horizontal  Resolut ion 

Although one t h i n k s  o f  a l ase r  beam as being a h i g h l y  co l l imated probe, 
such is not  the  case i n .  water. The beam i s  scat tered by ent ra ined 
p a r t i c u l a t e s  i n t o  an expanding cone whose s i ze  increases as the  s c a t t e r i n g  
o p t i c a l  depth o f  the medium increases. Based on the above resu l t s ,  t he  
e f fec t i ve  angular beam width a t  the bottom fo r  a 50% energy f r a c t i o n  i s  about 
2 tan'l(0.25) = 28'. (Ha l f  the pulse energy i s  a s u i t a b l e  c r i t e r i o n  f o r  ' 

purposes o f  se lec t i ng  the receiver  f i e l d  o f  view (FOV) t o  susta in  penetrat ion 
p o t e n t i a l ,  as w i l l  be seen shor t ly . )  This means t h a t  an a i rborne l i d a r  w i l l  
not  provide d e t a i l e d  p r o f i l i m e t r y  w i t h  a ho r i zon ta l  r e s o l u t i o n  of several 
meters a t  t y p i c a l  operat ing depths i n  the 20 m - 40 m range. The soundings, 
rather,  are center-weighted averages over an area w i t h  a diameter of roughly 
h a l f  the water depth. This fact  i s  somewhat misleading, however, i n  t h a t  



small but  not i nsubs tan t i a l  shoal ob jects  such as co ra l  heads o r  l a r g e  rocks 

w i  11 nevertheless reduce the measured depth because 1 eadi ng edge pu; se 

l o c a t i o n  algori thms are s e n s i t i v e  t o  t h e  e a r l y - a r r i v i n g  energy. I f  somewhat 

higher r e s o l u t i o n  were required f o r  some special  task, a narrower e f f e c t i v e  
beam width could be obtained by l i m i t i n g  t h e  rece ive r  FOV. The t r a d e o f f  i s  a 

concomitant 1 oss of peak r e t u r n  power and, hence, penetrat ion capabi 1 i t y  . I n  
o p t i c a l l y  shallow waters, t h i s  l oss  might be an acceptable compromise. 

3.3 Upwelling Surface D i s t r i b u t i o n  

The p r i n c i p l e  o f  rec ip roc i ty  d i c t a t e s  t h a t  t h e  upwell ing, bottom 

reflected energy traverses a set of paths statistically similar t o  the 
.downwelling paths. This means t h a t  t h e  diameter of t he  surface d i s t r i b u t i o n  

o f  r e f l e c t e d  bottom energy can be der ived from t h e  convolut ion o f  t h e  bottom 
energy densi ty  d i s t r i b u t i o n  w i t h  i t s e l f .  The r e s u l t i n g  surface diameter o f  
upwel l ing bottom r e t u r n  energy w i l l  be somewhere between one and two t imes t h e  
equivalent bottom diameter, depending on t h e  exact shape of t h e  d i s t r i b u t i o n .  
For a Gaussian d i s t r i b u t i o n ,  t he  factor  i s  1'2. Surface diameters f o r  t h i s  
approximation are i nd i ca ted  on t h e  r ight-hand ax i s  of Fig. 15. For an 
estimated surface diameter, d,, o f  t h e  selected bottom-ref lected energy 
f r a c t i o n  f o r  n a d i r  entry,  t h e  50 % energy c r i t e r i o n  i s  dS(50)=0.7D, and f o r  a 
90% c r i t e r i o n ,  ds(90) i s  over tw ice  tha t .  

3.4 Receiver F i e l d  o f  View 

As seen i n  F i  g. 15, t he  f i e l  d-of -v i  ew (FOV) requi  rement depends s t rong ly  
on which measure of spot " s i t e "  i s  used. The primary e f f e c t  o f  t h e  FOV i s  t h e  
determinat ion of t he  bottom r e t u r n  s ignal  -to-noise r a t i o  (SNR) and, hence, t h e  
maximum useable depth o r  "penetrat ion" c a p a b i l i t y .  I f  t h e  FOV i s  t o o  small, 
the peak bottom r e t u r n  power and associated maximum penetrat ion depth w i l l  be 
reduced. For n ight t ime operation, a l a r g e r  than necessary FOV i s  benign, but  

. i n  day l i gh t ,  an excessive FOV w i l l  increase the  s o l a r  noise l e v e l  and, again, 
reduce penetrat ion.  The FOV "requirement" i s  thus t h e  FOV which maximizes t h e  
SNR or, more simply, t h a t  which i s  j u s t  l a r g e  enough not t o  s i g n i f i c a n t l y  
reduce t h e  peak bottom r e t u r n  power. 
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It i s  important t o  recognize the  d i s t i n c t i o n  t h a t  f o r  envisioned pulse 

l o c a t i o n  algori thms, the depth penetrat ion p o t e n t i a l ,  and hence rece ive r  FOV, 
are d i c t a t e d  by the  peak power o f  the bottom return,  not  t he  pulse energy. 
The r e l a t i o n s h i p  between these two measures i s  dependent on the width and 
shape o f  the environmental response func t i on  (ERF) o r  bottom return.  These, 
i n  tu rn ,  are determined by the character o f  the source pulse and o f  t he  
impulse response funct ion ( IRF)  of the propagation. I n  o ther  words, the exact 

rece ive r  FOV requirement fo r  a given set of circumstances i s  a funct ion not  
on l y  o f  the environment, but  a lso of the source pulse width. I n  pract ice,  

however, i t  i s  s u f f i c i e n t  t o  design the o p t i c a l  system t o  meet the  s p a t i a l  
needs o f  the l a rge  o p t i c a l  depth case, as w i l l  now be demonstrated. 

The receiver  FOV requirement can be es t imated by observing the behavior 
o f  the Monte Carlo s p a t i a l  and temporal d i s t r i b u t i o n s .  The Monte Car lo 
r e s u l t s  of Fig.  15 are repeated w i t h  an added h i g h l i g h t  i n  Fig. 16. For small 

physical  and o p t i c a l  depths, say two t o  four, the IRF i s  short,  and the ERF 
approximates the source pulse. Any loss o f  energy r e s u l t s  d i r e c t l y  i n  a l oss  
o f  peak power because the  ERF cannot become narrower than the  source pulse. 

For t h i s  case, therefore,  the ds/D required would der ive roughly from the dgo 
curves. For l a rge  physical  and o p t i c a l  depths, the ERF takes the character o f  

the IRF and is s i g n i f i c a n t l y  wider than the source pulse. Moderately 

r e s t r i c t i n g  the  FOV w i l l  reduce the pulse energy, but .not the peak power, by 
t runca t ing  the  t a i l  o f  the IRF, as seen i n  Fig. 17. This i s  a b e n e f i c i a l  
f ea tu re  because, i n  deep water where the FOV requirement i s  the greatest, t he  
pulse s t r e t c h i n g  i s  a lso greatest .  A modest f r a c t i o n  o f  the pulse energy from 
t h e  t r a i l i n g  edge can be discarded wi thout  a s i g n i f i c a n t  drop i n  ' t h e  peak 
pulse power -- thus reducing the necessary energy f r a c t i o n  and the ac tua l  FOV 

requirement. By examining the e f f e c t  of reduced FOV on such IRF shapes, i t  
has been noted t h a t  the peak height  i s  not s i g n i f i c a n t l y  reduced u n t i l  ds/D 
becomes less than about 0.7, which f rom Fig. 16 corresponds roughly t o  a 50% 
energy f r a c t  i on. 

The heavy band drawn across Fig. 16 i s  an estimate of the o v e r a l l  ds/D 
requi  rement accord4 ng t o  these arguments. The func t i on  r i s e s  only s l  i g h t l y  
toward small o p t i c a l  depths because, even though the required energy f r a c t i o n  
i s  larger ,  the r e l a t i v e  expansion o f  the beam due t o  s c a t t e r i n g  i s  less.  For 
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a p r a c t i c a l  system, t h e  receiver  FOV can be sa fe l y  se t  t o  t h e  h igh aD value 

where ds/D i s  smallest, s ince a t  sma1le.r o p t i c a l  depths a s l i g h t  l oss  o f  power 

w i l l  not  s i g n i f i c a n t l y  a f f e c t  performance. The best est imzte f o r  a p r a c t i c a l  

FOV requirement i s  thus a surface spot d iameter  f o r  t he  receiver  o f  about 0.7D 

which corresponds roughly t o  a 50% energy c r i t e r i o n  a t  l a r g e  o p t i c a l  depths, 

as prev ious ly  noted. For an a i r c r a f t  a l t i t u d e ,  H, t he  necessary f u l l  angle 
FOV would be J ~ O V  I dS/H t 0.7D/H. The FOV des i red f o r  a t y p i c a l  a i r c r a f t  

a l t i t u d e  of 300 m and a depth o f  35 m would thus be about 80 mr.  A FOV o f  

t h i s  s i ze  i s  f a i r l y  l a r g e  f o r  a compact o p t i c a l  system, but  nevertheless 

achievable. 

This  r e s u l t  i s  r e l a t i v e l y  independent o f  n a d i r  angle. For  o f f - n a d i r  

angles, the i r r a d i a t e d  bottom dimension is l a r g e r  roughly by sec4 due t o  t h e  

add i t i ona l  s l a n t  d istance t o  t h e  bottom, but  t h e  FOV needed t o  encompass t h e  
r e s u l t i n g  surface spot i s  smaller by cos0 (where the  angles are as defined i n  
Fig. 1). For t h e  r e l a t i v e l y  small angles o f  i n t e r e s t ,  these funct ions 

' e f f e c t i v e l y  cancel . 
The e f f e c t  of FOV on propagation-induced biases w i l l  be seen i n  sec t i on  5 

t o  be small. The reason fo r  t h i s  i s  t he  fact  t h a t  s i g n i f i c a n t  biases would 
e x i s t  even f o r  zero FOV ( ignor ing,  f o r  a moment, t he  corresponding lack o f  
s ignal  s t rength) ,  because the  leading edges o f  t h e  IRFs are not g r e a t l y  
a f f e c t e d  by FOV. The concept t h a t  t he  IRF has a c e r t a i n  minimum width f o r  
zero FOV stems from the fact  t h a t  photons emerging from the medium a t  t h e  
p o i n t  o f  en t r y  may have undergone substant ia l  mu1tip:e s c a t t e r i n g  and 
consequential pulse s t r e t c h i n g  on t h e i r  round t r i p  t o  the bottom and back. 
Rec ip roc i t y  i n  t h i s  case requi res t h a t  t he  photons must e f f e c t i v e l y  re t race  
t h e i r  downward paths t o  e x i t  t he  medium a t  t h e i r  en t r y  po in ts  i n  the exact 
opposi te d i rec t i on .  I n  t h i s  special  case, t h e  convolut ion o f  t h e  downwelling 
d i  s t r i  b u t i  on wi th  a cosi  ne-modi f i  ed version o f  i t s e l f  degenerates i n t o  a 
simple product w i t h  t h e  t imes doubled f o r  t h e  round t r i p .  This concept has 
been used t o  estimate the  zero-FOV. IRFs from t h e  downwelling temporal 
d i s t r i b u t i o n s .  An example i s  seen i n  Fig. 18 p l o t t e d  along w i t h  t h e  i n f i n i t e -  
FOV fRF. It i s  c l e a r  t h a t  f o r  a leading edge detector,  t he  biases ( the 
de tec t i on  t ime compared t o  t h e  reference t ime) may be reduced only  s l i g h t l y  if 
a t  a l l .  
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4.0 ENERGY AND PEAK POWER RELATIONSHIPS 

4 . 1 I n t  roduct i on 

The economic v i a b i l i t y  o f  an a i rborne l a s e r  hydrography system depends on 

the  existence o f  l a r g e  areas o f  r e l a t i v e l y  shal low water f rom which 

sa t is fac to ry  bottom returns can be detected. The bas is  for determining the 
performance o f  a communications system i s  the received s ignal  (energy o r  

power) equation. The l e v e l  a t  which t h i s  s ignal  becomes unacceptably noise 
contaminated determines the  maximum range. I n  the case o f  a i rborne l i d a r  

bathymetry, a 'pulsed l a s e r  t r a n s m i t t e r  i s  communicating wi th  a colocated 
receiver  v i a  a complicated channel which consis ts  o f  two passes through t h e  
atmosphere, two passes through the  undulat ing a i  r /water i n te r face ,  two passes 
through a h i g h l y  s c a t t e r i n g  and absorbing water column o f  va r iab le  c l a r i t y ,  
and a bounce o f f  a poor ly  r e f l e c t i n g  bottom. The shape, duration, and 
magnitude of l a s e r  hydrography bottom returns depend i n  a complex way on t h e  
source pulse, t he  beam n a d i r  angle, t h e  depth of t h e  water, t h e  o p t i c a l  
p roper t i es  of the water,  and t h e  bottom topography. 

Over t h e  years, t h e  r e t u r n  power equation has appeared i n  a wide v a r i e t y  
o f  forms, because the  propagation i n  the  water has not been we l l  understood, 
and some complex e f f e c t s  can only be approximated. Refinements and 
improvements continue t o  be made as new data become avai lab le.  I n  t h i s  
section, several f a c t o r s  w i l l  be added o r  a l t e r e d  t o  account f o r  t h e  e f f e c t s  
o f  propagation-induced pulse s t re tch ing.  In  order t o  p r e d i c t  pene t ra t i on  
1 i m i t a t i o n s  f o r  an operat ional  system, energy d i s t r i b u t i o n s  and impulse 
response functions parameterized on the aforementioned var iab les fo r  a f l a t  . 
bottom have been ca l cu la ted  from t h e  Monte Car lo s imulat ion resu l t s .  
Simulated bottom returns (envi ronmental response funct ions) have been 
determined by convolving t h e  impulse response funct ions w i t h  a 7-ns FWHM 
t r i a n g u l a r  source pulse . Bottom r e t u r n  energy and peak power re1 a t i onsh i  ps 
der ived from these r e s u l t s  are repor ted i n  t h i s  section. . 

4.2 Signal Energy 

I n  i t s  basic form, t h e  so-cal led "radar" equation f o r  t he  a i rborne l a s e r  
hydrography bottom r e t u r n  energy can be w r i t t e n  as 
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9 
Sk -2kP ER = ETn R - F e 
n 

% 
where: ER i s  the received pulse energy, 

ET i s  t h e  t ransmi t ted  pulse energy, 
TI i s  the t o t a l  o p t i c a l  system 
R i s  t h e  bottom r e f 1  e c t i  v i  t y  , 

f+ i s  t he  s o l i d  angle subtended 
% i s  t h e  e f f e c t i v e  s o l i d  angle 

oss fac to r ,  

by the receiver,  
o f  t h e  bottom-ref lected energy 

above the  a i  r/water interface, 
F i s  a loss f a c t o r  t o  account f o r  i n s u f f i c i e n t  rece ive r  FOV, 
k i s  an at tenuat ion c o e f f i c i e n t  which depends on water c l a r i t y ,  and 

P i s  t h e  e f f e c t i v e  s l a n t  path l eng th  i n  water t o  t h e  bottom. 

Losses i n  the  atmosphere due t o  absorpt ion and s c a t t e r i n g  are small ( t en  t o  

twenty percent)  for a l t i t u d e s  o f  i n t e r e s t  i n  c l e a r  a i r  and have been omitted 
f o r  the sake o f  s i m p l i c i t y .  The two percent losses through the  a i r /wa te r  
i n t e r f a c e  have a l so  been neglected. I n d i v i d u a l  f a c t o r s  i n  t h i s  equation w i l l  
now be discussed i n  d e t a i l ,  beginning w i t h  the exponential term. 

4.2.1 Nadir Entry 

The most elementary output from the  s imulat ion ‘ i s  t he  f r a c t i o n a l  number 
o f  i nc iden t  photons reaching the bottom, i .e., the s p a t i a l l y  and temporal ly 
i n teg ra ted  energy a r r i v i n g  a t  t h e  bottom. Those photons not  reaching t h e  
bottom are l o s t  t o  e i t h e r  s c a t t e r i n g  o r  absorption. I f  one p l o t s  the l o g  o f  
t h e  downwelling energy f o r  nad i r  entry versus v e r t i c a l  o p t i c a l  depth, aD, f o r  

a u n i t  energy impulse, as seen i n  Fig. 19, the r e s u l t s  fo r  both phase 
funct ions are fami l ies o f  near ly  s t r a i g h t  l i n e s  w i t h  slopes dependent on t h e  
s ing le -sca t te r i ng  albedo, oO. The regions o f  j o i n t  h i g h  aD and low ~0 are 
dashed because o f  l a r g e r  s t a t i s t i c a l  variances i n  t h e  r e s u l t s  f o r  the 
extremely weak returns from these h i  gh at tenuat ion c i  rcumstances . The 
variances could have been reduced by running t h e  s imu la t i on  longer, but  i t  was 
not  deemed necessary because such small values o f  ~0 are not  expected t o  be 
found i n  coastal  waters. 
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I n t e g r a t i n g  over depth the  de f i n ing  r e l a t i o n s h i p  f o r  t h e  d i f f u s e  

at tenuat ion c o e f f i c i e n t ,  K, f o r  n a d i r  en t r y  i n t o  homogeneous water leads t o  an 

expression f o r  downwelling energy, EB, o f  t h e  form EB Q: exp(-KD), where D i s  
t h e  depth. I f  the  asymptotic slopes o f  t h e  Fig. 19 downwelling energy curves 
a re  denoted as y(%,P) ,  where I P($) represents t h e  phase function, then f o r  

nad i r  beam entry,  EB Q: e x p [ - y ( ~ , V ) d ] .  It i s  c l e a r  from these equations t h a t  
K t h e  slopes are thus y(uo,Y) = (uo,Y). The slopes o f  t h e  s imu la t i on  

r e s u l t s  i n  F i  g. 19 a c t u a l l y  i ncrease s l  i g h t l y  wi th  i ncreasi ng o p t i  c a l  depth, 

as K i t s e l f  increases s l i g h t l y  w i t h  depth i n  homogeneous water. This i s  

because K i s  not  an inherent  water proper ty  and, a t  shallow o p t i c a l  depths, 

increases due t o  a scattering-induced increase i n  average path l eng th  t o  a 

given v e r t i c a l  depth. This ef fect  i s  f u r t h e r  demonstrated i n  Fig. 20, a p l o t  

o f  s imulat ion r e s u l t s  f o r  the mean secant o f  photon a r r i v a l  angles as a 
func t i on  of o p t i c a l  depth. The l a r g e s t  p o r t i o n  o f  t he  increase occurs a t  
r e l a t i v e l y  small o p t i c a l  depths, and the l o g  energy curves are thus near l y  
s t r a i g h t  a t  h igher o p t i c a l  depths. I n  t h i s  report ,  t h e  symbol, "K" , w i l l  be 

used exc lus i ve l y  for  t he  medium-to-high o p t i c a l  depth o r  "asymptotic" value of 
t he  d i f f u s e  at tenuat ion c o e f f i c i e n t .  

The l o g  energy curves can be seen t o  e x t r a p o l a t e  back t o  a va lue s l i g h t l y  

above the o r i g i n  ( a t  zero o p t i c a l  depth) which represents  a l i n e a r  f a c t o r  of 

roughly 1.5. Because the  curves ext rapolate near t o  the  o r i g i n ,  t h e  average 
slope and t h e  instantaneous slope are near ly  equal a t  a l l  aD, and K/a i s  thus 
near ly  independent o f  aD as seen d e t a i l e d  i n  Fig. 21. This permits a 

un iversa l  p l o t  of K/a versus q, for .  the two phase funct ions as seen i n  
Fig. 22. The phase funct ion e f fec t  i s  seen t o  be r e l a t i v e l y  small. 

This K/a r e l a t i o n s h i p  i s  an extremely important f u n c t i o n a l i t y  because i t  
c l e a r l y  demonstrates t h a t  t he  r a t i o  o f  t h e  two most commonly measured 
at tenuat ion c o e f f i c i e n t s  i s  determined s o l e l y  by a t h i r d  parameter, t h e  
sometimes ignored s ing le -sca t te r i ng  albedo. The r e l a t i o n s h i p  i s  a l s o  
important because i t  provides the best oppor tun i ty  f o r  v a l i d a t i o n  o f  t h e  
s imulat ion outputs, as noted i n  sect ion 2.2.5. Timofeyeva and Gorobets (1967) 
der ived K/a(%) exper imental ly f o r  a number o f  s c a t t e r i n g  media. The 
Timofeyeva curve p l o t t e d  on Fig. 22 i s  f o r  m i l k  which was claimed t o  have 
s c a t t e r i n g  proper t ies s i m i l a r '  t o  those of seawater. The simul'ation r e s u l t s  
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are seen t o  be i n  good q u a n t i t a t i v e  agreement and demonstrate t.he c o r r e c t  

t rend  w i t h  phase funct ion,  assuming t h a t  m i l k  has a s l i g h t l y  more widely  
s c a t t e r i n g  o r  " d i r t i e r "  phase func t i on  than "NOS" water. These curves are 
a l so  i n  good agreement w i t h  t h e  t h e o r e t i c a l  r e s u l t s  o f  P r ieu r  and Horel (1971) 
f o r  " t y p i c a l  oceani c water" . 

The bottom r e f l e c t e d  pulse energy, ER, returned t o  a d is tan t ,  a i rborne 
receiver  was ca lcu lated by temporal ly i n t e g r a t i n g  t h e  round- t r i p  impulse 
response funct ions der ived from t h e  s imulat ion f o r  an assumed Lambertian 
bottom r e f l e c t i o n .  For a l a rge  receiver  FOV, t h e  p l o t s  o f  ER versus aD, as 
ind i ca ted  on the " ins ide"  ax i s  o f  Fig. 19, are v i r t u a l l y  i d e n t i c a l  t o  t h e  EB 
versus Cd) p l o t s  w i t h  D replaced by 20 t o  account for  t he  round- t r i p  
distance. The received pulse energy can thus be represented as 
ER Q: E B ~  Q: exp( -2KD) . 

It i s  i n t e r e s t i n g  t o  note t h a t  t h i s  r e l a t i o n s h i p  imp l i es  t h a t  t h e  
e f f e c t i v e  at tenuat ion coeff c i e n t  i s  K i n  both upwel l ing and downwelling 
d i  r e c t i  ons, even though t h e  i nc iden t  downwell i ng beam i s  h i g h l y  c o l l  imated, 
wh i l e  the bottom r e f l e c t i o n  I 3s assumed t o  be d i f fuse.  The reason i s  t h a t  t h e  
on ly  photons of i n t e r e s t  are those which leave t h e  water i n  t h e  exact opposi te 
d i r e c t i o n  from which they entered, i n  order t o  reach the d i s t a n t  colocated 
receiver.  The s c a t t e r i n g  of photons i n  t h e  water i s  'independent o f  d i r e c t i c n ,  
and the paths are, i n  effect, revers ib le .  Reciproc i ty  s ta tes t h a t  t h e  
ensemble of al lowed s c a t t e r i n g  paths through t h e  water f o r  upwel l ing r a d i a t i o n  
i s  thus i d e n t i c a l  t o  t h a t  f o r  downwelling rad ia t i on .  The u t i l i z a t i o n  of t h e  
downwelling paths by upwel l ing r a d i a t i o n  i s  determined by t h e  bottom 
r e f l e c t i o n  weight ing funct ion.  The r e s u l t  ER = exp(-PKD) i s  i n d i c a t i v e  of t h e  
fac t  t h a t  t h e  Lambertian weight ing funct ion f o r  t h e  bottom r e f l e c t e d  upwel l ing 
d i s t r i b u t i o n  i s  s i m i l a r  t o  the downwelling a r r i v a l  angular d i s t r i b u t i o n .  

It i s  c l e a r  from Fig. 19 and from t h e  qbove equation t h a t  f a r  n a d i r  en t r y  
the l a r g e  FOV ''system" at tenuat ion c o e f f i c i e n t  f o r  received energy i s  K, t h e  
d i f f u s e  at tenuat ion c o e f f i c i e n t  of t he  water. This f a m i l i a r  expression has 
o f t e n  been used i n  s ignal  equations f o r  descr ib ing the  r e t u r n  "strength" f o r  
a i rborne l i d a r  systems. We s h a l l  now see how t h i s  must be modif ied t o  take 
o f f - n a d i r  operat ion i n t o  consideration. 
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4.2.2 Off-Nadi r Entry 

The e f f e c t  o f  o f f - n a d i r  beam en t ry  angles ( 8  i n  a i r  r e f r a c t e d  t o  I$ i n  t h e  

water) i s  complex and depends on t h e  depth and water o p t i c a l  proper t ies.  A t  
low o p t i c a l  depths, an o f f -nad i r  i n p u t  beam undergoes l i t t l e  scat ter ing,  and 

the  l oss  per u n i t  v e r t i c a l  o p t i c a l  depth i s  greater than a t  n a d i r  due simply 
t o  the  geometrical increase i n  t h e  physical  path l eng th  by a f a c t o r  o f  sec4. 

As the o p t i c a l  depth increases, s c a t t e r i n g  causes the  beam t o  spread i n t o  a 
cone o f  increas ing angle about the  mean path. Photons on longer paths 
d i ve r ted  from the cen t ra l  "core" tend t o  be eventual ly  absorbed, wh i l e  those 
on shor ter  paths i n  t h e  'undercutt ing'  region undergo l e s s  average absorpt ion 

which increases t h e i r  chances o f  su rv i va l  . 
The center o f  t h e  core thus curves toward t h e  v e r t i c a l  w i t h  increas ing 

o p t i c a l  depth because t h a t  i s  t h e  ' sho r tes t  d istance and l e a s t  lossy path. 
(This e f f e c t  i s  seen underwater by scuba d i ve rs  who note tha t ,  regardless o f  
t he  t ime o f  day, t he  sun l i gh t  always appears t o  come from d i r e c t l y  overhead i n  

a l l  but  t he  shal lowest water.) The e f fec t  i s  a l so  seen i n  Fig. 20 where t h e  
mean secant f o r  o f f - n a d i r  en t r y  begins a t  sec4 but, a t  h igh o p t i c a l  depth, 
saturates a t  a value equivalent t o  t h a t  f o r  n a d i r  ent ry .  For small en t r y  
angles, the core ax i s  can become (near l y )  v e r t i c a l  a t  moderate o p t i c a l  depths, 
wh i l e  f o r  l a rge  en t r y  angles, very l a r g e  o p t i c a l  depths are required. As seen 
i n  Fig. 20, the center o f  the core tends toward. the v e r t i c a l  more q u i c k l y  f o r  
small q, due t o  greater  absorpt ion of t he  longer paths. The ne t  r e s u l t  i s  
t h a t  t he  e f f e c t i v e  distance t o  t he  bottom f o r  o f f - n a d i r  en t r y  l i e s  between 
Dsec4 and D and can be described as DseC+eff, where +eff(B,aD,o,,Y) i s  t h e  
" e f f e c t i v e "  water  nad i r  angle which, as noted, depends on the ent ry  n a d i r  

angle, the v e r t i c a l  o p t i c a l  depth, t h e  s ing le -sca t te r i ng  albedo, and t h e  phase 
f unct i on . 

The e f f e c t  o f  o f f -nadi r  beam en t ry  angles on t h e  bottom energy and on t h e  
energy returned t o  a d i s tan t ,  l a r g e  f i e ld -o f - v iew  rece ive r  i s  seen i n  Fig. 23 
f o r  t he  NOS phase function. The curves fo r  a very l a r g e  45' i n c i d e n t  n a d i r  
angle are seen t o  be near ly  s t r a i g h t  and e x h i b i t  s l i g h t l y  higher slopes than 
fo r  nad i r  en t r y  but  lower slopes than would be expected f o r  t h e  unscattered 
ray. From Fig. 23, a t  They can thus be represented as ER = exp(-2KDsec+eff). 
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y, = 0.8, f o r  example, i t  can be ca l cu la ted  t h a t  Secaeff = 1.10 
(4eff = 24.8"). For smal ler  i nc iden t  nad i r  angles t y p i c a l  o f  a i rborne l a s e r  
hydrography operations (8=15'-25'), the value of Sec4eeff approaches 1.0 f o r  
a l l  but  the shal lowest of o p t i c a l  depths. (The secant o f  lo', f o r  example, i s  
1.015.) For p r a c t i c a l  cases, the pulse energy returned t o  a d i s t a n t  a i rborne 

rece ive r  can thus be expressed simply as ER exp(-2KD), independent of 
i n c i  dent nadi r angl e. 

Sca t te r i ng  spreads the beam out s p a t i a l l y  t o  a great extent  and d i c t a t e s  

a not  i nsubstant i  a1 rece i  ver f i e l  d-of  - v i  ew requi  rement i n  order t o  mai n t a i  n 

the  F f a c t o r  near un i t y ,  as seen i n  sect ion 3.4. An i n s u f f i c i e n t  FOV which 
s p a t i a l l y  excludes a p o r t i o n  o f  the re tu rn ing  energy reduces F below u n i t y  i n  
a h i g h l y  complex way which depends on the FOV, a i r c r a f t  a l t i t u d e ,  n a d i r  angle, 
water o p t i c a l  parameters, and depth. This e f f e c t  could a l t e r n a t e l y  be viewed 
as an increase i n  the  e f f e c t i v e  system at tenuat ion c o e f f i c i e n t  (Gordon 1982) 

dependent on the same var iables.  

The s o l i d  angle subtended by the  airborne receiver  from a nad i r  angle, e, 
and an altitude, H, i s  Q ' R  = ARcos'O /HZ. For an assumed Lambertian bottom 
r e f l e c t i o n ,  the e f f e c t i v e  s o l i d  angle i n  the water i s  Q,,, = n. Upon r e f r a c t i o n  

2 through the a i r /water  i n te r face  t h i s  angle increases by a f a c t o r  nw , where nw 
i s  the index of r e f r a c t i o n  of water, so t h a t  Q ' B  = nw 2 f$, = nw 2n. I n  t h e  
l i m i t i n g  case o f  h igh a l t i t u d e  and shallow water depth, the s o l i d  angle r a t i o  

water depth i s  not necessar i ly  much smal'ler than the a l t i t u d e ,  i t  has been 
shown (Levis e t  a l .  1974) t h a t  the exact expression can be w r i t t e n  as 
*/QB = AR/n(nw H sece + D sec+)2. This can be approximated by the s imp le r  

resul  t s  f o r  t y p i c a l  parameter values . For p r a c t i  ca l  nadi r angl es, depths, and 
water c l a r i t y ,  the received energy equation thus takes the form 

would then be Q ' R / Q ' B  = AR cos 2 8 /n nw2 H2. For the. general case where the 

expression %/QB 3 ARCOS 2 8 /n (nw H t D)*, which gives v i r t u a l l y  t he  same 

Energy-based pulse l o c a t i o n  algori thms such as c o r r e l a t o r s  o r  cent ro ids 
are not appropr iate f o r  p rec i se l y  t im ing  underwater 1 i ght propagation because 
pulse s t r e t c h i n g  s t rong ly  a f f e c t s  the shape and du ra t i on  o f  t he  pulses. 
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Typical  leading-edge power detectors such as a f r a c t i o n a l  threshold are a l s o  

a f fec ted  by pulse s t re tch ing,  but  t o  a much l e s s e r  degree. A not  
i n s i g n i f i c a n t  f r a c t i o n  of t h e  r e t u r n  energy i s  no t  "usefu l "  because i t  occurs 
i n  the elongated t a i l  of t he  r e t u r n  pulse. It i s  important, therefore,  t o  
i n v e s t i g a t e  t h e  ef fect  of pulse s t r e t c h i n g  on t h e  peak power o f  t h e  r e t u r n  
pulses as a func t i on  o f  depth and water o p t i c a l  proper t ies.  

4.3 Signal Power 

Since 'pulse detect ions are based on the  instantaneous pulse power, no t  
t h e  i n teg ra ted  pulse energy, t h e  received energy equation must be converted t o  

one which describes the peak pulse power. It i s  c l e a r  t h a t  peak power and 
pulse energy are propor t ional ,  Le. ,  obey the  same f u n c t i o n a l i t i e s ,  as long as 
t h e  pulse shape remai ns unchanged. Pul se s t r e t c h i n g  removes t h a t  
p r o p o r t i o n a l i t y .  Although t h e  pulse may conta in  t h e  same t o t a l  energy, t h e  
fact  t h a t  i t  i s  d i s t r i b u t e d  over a longer t ime i n t e r v a l  causes i t s  peak power 
t o  be reduced. Furthermore, f o r  a f i x e d  d, t h e  absolute amount o f  
s t re tch ing,  i .e., t he  actual  pulse length, is, from simple geometry, l i n e a r l y  
p ropor t i ona l  t o  t h e  physical  depth, D. For t h i s  reason, underwater 
propagation causes not on ly  a l oss  o f  energy as a funct ion o f  o p t i c a l  depth, 
b u t  t h e  associated pulse s t r e t c h i n g  causes a f u r t h e r  l oss  of peak power w i t h  
respect t o  the  pulse energy, which var ies both as a func t i on  o f  t he  phys ica l  
depth and t h e  inherent  o p t i c a l  parameters. 

For a f i n i t e  t ransmi t ted source pulse, t he  r e t u r n  pulse a t  the rece ive r  
i s  t h e  convolut ion o f  t h e  source pulse w i t h  t h e  impulse response func t i on  
(IRF) o f  the t a r g e t  geometry. The r e s u l t  of t h i s  convolut ion, which has been 
termed the  environmental response func t i on  (ERF), i s  t h e  t h e o r e t i c a l  i n p u t  t o  
the a i rborne rece.iver. The energy equation i s  the bounding case f o r  l i t t l e '  
r e l a t i v e  pulse stretching, where t h e  ERF i s  near ly  i d e n t i c a l  t o  the  source 
pulse. For small o p t i c a l  depths where pulse s t r e t c h i n g  i s  minimal, t h e  
impulse response w i l l  be very sho r t  compared t o  p r a c t i c a l  source pulses of 
i n t e r e s t  i n  the  5-10 ns FWHM range. For t h i s  case, and f o r  t he  case o f  very 
l ong  source pulses, t he  ERF i s  near ly i d e n t i c a l  t o  t h e  i n c i d e n t  source pulse, 
and the r e t u r n  energy equation could be used as a power equation with E's 
replaced by PIS.  For t h e  other  bounding case of l a r g e  o p t i c a l  and phys ica l  
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depths, t he  IRF can become s i g n i f i c a n t l y  longer than t h e  source pulse, and t h e  
ERF w i l l  be s i m i l a r  t o  t h e  IRF. A new power equation can be developed f o r  

t h i s  case, as w i l l  now be seen. The general r e s u l t  f o r  p r a c t i c a l  source 
pulses, which f a l l s  between these extreme bounds, w i l l  be described 

t h e r e a f t e r  . 
4.3.1 Impulse Response Results 

Re la t i ve  IRF peak power p l o t s  f o r  t h e  two phase funct ions a t  n a d i r  en t r y  

are i l l u s t r a t e d  i n  Fig. 24 f o r  constant physical  depth. Several features a re  

apparent i f  one compares these r e s u l t s  with Fig. 19. F i r s t ,  t h e  phase 

func t i on  e f f e c t  i s  somewhat l a r g e r  than f o r  energy. Second, f o r  h i g h  ~ 0 ,  
these semi-log p l o t s  tend t o  curve upwards , a t  h igh d; t h e i r  slopes a r e  
i n i t i a l l y  steeper than f o r  t h e  corresponding received pulse energy curves, bu t  
a t  h igh CJ) t h e  corresponding slopes become more near ly  equal. For low oo, t h e  
p l o t s  are near ly  s t r a i g h t  and only s l i g h t l y  steeper than the corresponding 
energy curves. This behavior can be understood by examining t h e  f o l l o w i n g  

model. 

Because most of t h e  semi-log p l o t s  of IRF peak power versus o p t i c a l  depth 

for constant physical  depth a r e  r e l a t i v e l y  s t r a i g h t ,  one can again choose t o  
descr ibe t h e  behavior as exponential and de f i ne  an average system a t tenua t ion  
c o e f f i c i e n t ,  kp(QD) f o r  received power, PR, a t  an o p t i c a l  depth c8 from t h e  
slopes as fo l lows: 

Note t h a t  t he  l a t t e r  form i s  s i m i l a r  t o  t h e  energy equation w i t h  t h e  a d d i t i o n  
of t he  kp/K f a c t o r  which expresses the  add i t i ona l  a t tenua t ion  of peak power 
due t o  pulse s t r e t c h i n g  f o r  a f i x e d  depth. To t h e  extent  t h a t  several o f  t h e  
h i g h  ~0 p l o t s  are s l i g h t l y  curved, t he  normalized average power a t tenua t ion  
c o e f f i c i e n t  t o  a given o p t i c a l  depth w i l l  be a weak func t i on  o f  o p t i c a l  depth 
as seen i n  Fig. 25. These values o f  kp/a as a f unc t i on  o f  aD can be combined 
w i t h  K/a values f o r  t h e  appropr iate oo, from Fig. 22 t o  y i e l d  kp/K curves as 
seen i n  Fig. 26. 
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This p l o t  c l e a r l y  demonstrates t h e  dramatic extent  t o  which t h e  IRF power 

at tenuat ion c o e f f i c i e n t  f o r  f i x e d  depth can exceed the d i f f u s e  oceanographic 

at tenuat ion c o e f f i c i e n t  which i s  t h e  system energy at tenuat ion c o e f f i c i e n t .  

Note that ,  depending on the  inherent water o p t i c a l  parameters, t h e  r a t i o  
ranges between 1.0 and 3.0 (and could be even h igher  if wo were permi t ted t o  
range as h igh as 0.95 f o r  very d i r t y  "Chesapeake Bay-type" water). The e f f e c t  

o f  ~0 i n  the 0.7 t o  0.9 range i s  very strong. The l a r g e s t  values occur f o r  

h i g h  u+, which i nvo l ve  the greatest  s c a t t e r i n g  t o  absorpt ion r a t i o ,  and hence 

t h e  greatest  pulse s t re tch ing.  The o p t i c a l  depth e f f e c t  i s  greater  f o r  h igher  
q,. The phase func t i on  e f f e c t  i s  seen t o  be comparatively small f o r  a l l  
cases. Ana ly t i c  express.ions f o r  kp/K f o r  t h i s  l i m i t i n g  IRF case were repor ted 
i n  Guent.her and Thomas (1981a) . 

The o f f - n a d i r  IRF peak power curves f o r  t h e  NAVY phase f u n c t i o n  a r e  seen 

' i n  Fig. 27 f o r  constant D. A t  low c8 t h e  incremental power l oss  (s lope) i s  
greater  f o r  l a r g e r  n a d i r  angles due t o . t h e  added physical  path l eng th  t o  a 

given v e r t i c a l  o p t i c a l  depth. A t  h i g h  aD, where the  mean f l u x  approaches t h e  
v e r t i c a l ,  the  slopes approach the  n a d i r  case. 

The above r e s u l t s  have' been der ived f o r  t he  IRFs scaled t o  a f i x e d  
depth. For a given aD, t h e  IRF pulse s t r e t c h i n g  scales l i n e a r l y  wi th  depth 

due t o  the geometric dependence o f  t he  t ime delays for  r e t u r n i n g  photons. The 
received peak power f o r  an impulse i n p u t  t o  a water column o f  a r b i t r a r y  depth 
can thus be w r i t t e n  as PH = P~exp( -zk~D) /D  = P~exp[-2(k~/K)KD - I n  01. The 
form on t h e  r ight-hand s ide expresses the  f a c t  t h a t  t h e  general IRF power 
equation i s  the energy equation modif ied by the  'addi t ion o f  two terms i n  t h e  

exponent, kp/K and - I n  D. Both o f  these reduce t h e  peak power t o  pu lse energy 
r a t i o  s ince kp/K>l. 

Thi s f unc t i ona l  i ty can be r e w r i t t e n  a1 gebrai ca l  l y  as 

and t h e  absolute log-slope o f  t h e  IRF power expression ' i s  thus t h e  

parenthet ica l  quant i ty .  For f i x e d  depth p l o t s  such as Fig. 24, s ince K/a i s  
constant f o r  f i xed  ~ 0 ,  t h e  upturn 'of t he  h igh ~0 curves a t  h igh aD comes from 
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t he  l / a  f a c t o r  i n  t h e  second t.erm which i s  o f  s i g n i f i c a n t  magnitude compared 
t o  the f i r s t .  For lower q,, t h e  second term i s  r e l a t i v e l y  smal ler  compared t o  
t h e  f i r s t ,  due p r i m a r i l y  t o  a h igher  K/a r a t i o ,  and t h e  o v e r a l l  e f f e c t  o f  t h i s  
f u n c t i o n a l i t y  i s  thus minimized. S im i la r l y ,  i f  the  IRF peak power versus c9 
curves are p l o t t e d  f o r  constant a, i t  can be seen from t h e  slope expression 
t h a t  the h igh  q, curves w i l l  a l so  t u r n  up i n  a s i m i l a r  fashion as lnD/D 
decreases wi th  increas ing D. This bounding s i t u a t i o n  i s  depicted schemat- 

i c a l l y  i n  Fig. 28 along with the  energy curve which represents t h e  opposi te 

bounding case of very l o n g  source pulse. 

4.3.2 Environmental Response Results 

For a p r a c t i c a l  system w i t h  a 5-10 ns source pulse, t h e  peak power curve 
w i l l  l i e  between these two extremes: as p i c t u r e d  i n  Fig. 28, f o r  low o p t i c a l  
depths i t  w i l l  approximate t h e  energy case, and f o r  h igh o p t i c a l  depths i t  
w i l l  converge t o  the  IRF case. The r a t e  of t r a n s i t i o n  between these extremes 
depends on t h e  i n c i d e n t  l a s e r  pulse width. Pulse s t r e t c h i n g  and t h e  
associated l oss  o f  power compared t o  energy w i l l  no t  be evident u n t i l  t h e  
du ra t i on  o f  t he  impulse response becomes s i g n i f i c a n t  compared t o  t h e  w id th  o f  

t he  i nc iden t  pulse. This w i l l  begin t o  occur as both the  physical  depth and 
t h e  o p t i c a l  depth increase. A t  l a r g e  physical  and/or o p t i c a l  depths, t h e  
impulse response w i l l  become broad, and t h e  actual  l oss  curve w i l l  tend toward 
the  impulse response l o s s  curve. 

Spec i f i c  peak power r e s u l t s  have been generated fo r  ERFs obtained by 
convol v i  ng the Monte Carl o-der1 ved IRFs w i t h  a 7-ns (FWHM) t r i  angul a r  source 
pulse. As seen i n  Fig. 29 f o r  e=15', f o r  aD c 16 and t o  depths of a t  l e a s t  
40 m, t he  peak power r e s u l t s  can be described simply by exponentials w i t h  an 
e f f e c t i v e  increase i n  t h e  system at tenuat ion c o e f f i c i e n t .  This can be 
represented by the form PR = exp(-ZnKDsect#), where, i n  general, n=n(s,%,e) 
and t# i s  t h e  n a d i r  angle of t h e  unscattered ray i n  t h e  water. Th is  i s  an 
understandable r e s u l t  based on the schematic representat ion i n  Fig. 28. The 
values of n(s,q,,e) are der ived from semi-log p l o t s  o f  peak power versus 
o p t i c a l  depth f o r  various f ixed values o f  e, t+,, and a as seen i n  Fig. 29. 
The slopes of these l i n e s  are q u i t e  constant except a t  very low aD, and t h e  
nad i r  angle ef fect  i s  q u i t e  small as noted by the  dashed curves f o r  0' and 25' 
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a t  a=0.8 m-'. The slopes are modeled as -2nKoClsecg; by measuring the  slope 

and knowing K/a from q,, one can determine the values o f  n. I n  t h i s  way, t he  

SeCgeeff e f f e c t s  (as opposed t o  secg) are automat ica l ly  inc luded i n  t h e  

ca lcu lated values of n. 

The ca l cu la ted  values o f  n are p l o t t e d  i n  Fig. 30 f o r  nadi r  incidence as 
a func t i on  o f  a and parameterized on ~ 0 .  The dependence on the s c a t t e r i n g  

phase func t i on  i s  small 'except a t  w0~0.9, which i s  separately noted on the  
f i g u r e .  The res idual  n a d i r  angle e f f e c t  i s  q u i t e  small, as seen by the dot ted 

l i n e  f o r  25' a t  q,=0.8. A p l o t  such as Fig. 30 can be s l i g h t l y  misleading, 

because it represents exhaustive comb1 nat ions of a1 1 poss ib le  parameter 
values, many o f  which are h i g h l y  u n l i k e l y  i n  natura l  waters. The ranges o f  wo 

values t y p i c a l l y  associated w i t h  given a's i n  the environment are denoted i n  
Fig. 31 as heavy l i nes .  This changes the apparent behavior o f  n considerably, 

from one which .decreases f r o m  la rge  values fo r  i nc reas ing  a t o  one which r i s e s  

gradual ly  f rom smal l  values w i t h  increas ing a. . 

Various l e v e l s  o f  approximation may be used f o r  descr ib ing n depending on 
the  est imat ion accuracy desired. A decent f i r s t - o r d e r  approximation f o r  
na tu ra l  waters i s  n 3 1.25 f o r  a l l  cases. A s l i g h t l y  b e t t e r '  f i t ,  good t o  
t0.1, i s  provided by the expression n I 1 + 0.27 v a l i d  fo r  a l l  8 and wo 

but l i m i t e d  t o  a ?  2 m o l .  A more de ta i l ed  f i t  can be obtained, i f  desired, i n  
t h e  forms n = A aoB o r  n = A s- B . The l a t t e r  i s  more r igorous 
phenomenologically and was adopted. The most s t ra igh t fo rward  f i t s  are 
obtained w i t h  the A's and B's expressed not d i r e c t l y  i n  terms of wo, but 
r a t h e r  i n  s/a which i s  equal t o  %/(% - 1). The selected model i s  thus 

The c o e f f i c i e n t s  A and B can be expressed i n  the forms A=cl+c2(s/a) and 
B = c ~ ( s / ~ ) ' ~ .  The f i t s  f o r  various ranges of beam en t ry  n a d i r  angle are found 
i n  Table 1. 
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Table 1. Regression c o e f f i c i e n t s  f o r  exponential power decay f a c t o r .  

0" - 15" 1.02 0.032 0.032 0.79 

15" - 25" 1.03 0.035 0.042 0.69 
25" 1.05 0.036 0.050 0.60 
35" 1.11 0.024 0.072 0.54 

One minor added refinement i s  possible. The curves of PR versus c9 f o r  
f i x e d  a are s l i g h t l y  f l a t t e r  a t  small aD's where they approximate the energy 
case. The ext rapolated slopes from higher aD thus i n t e r s e c t  the PR a x i s  
(cd)=O) s l i g h t l y  above the  actual  value o f  P T o  An equation o f  t he  form 

PR a PTexp( -2nKDsecg) consequently underestimates PR s l i g h t l y .  To co r rec t  f o r  

t h i s  e f f e c t ,  the r a t i o s  o f  the extrapolated slope in tercepts ,  PT', t o  PT have 
been ca l cu la ted  and denoted as W' such t h a t  PR a m PT exp(-2nKDsecg). A p l o t  
o f  m versus a f o r  a range o f  nad i r  angles and ~0 = 0.8 i s  seen i n  Fig. 32. 
The m values are not as well-behaved as the n's, but  they need not be, s ince 
they are l i n e a r  ra the r  than exponential factors.  To a f i r s t  order, one might 
simply se lec t  m z 1.25. For t y p i c a l  operat ional  c i  rcumstances o f  
0.7 < w,< 0.9, 0.2 < a C 2 mol, and 15" < 8 < 25", an estimate good t o  about 
-10.1 f o r  e i t h e r  phase func t i on  i s  m z 1.1 + 0.19 a. I n  r e a l i t y ,  the magnitude 
o f  t h i s  e f f e c t  compensates f o r  i gno r ing  the  a i r  path losses and a l i t t l e  
p r a c t i c a l  system detuning. It can consequently be ignored, as wel l ,  except 
f o r  special  cases where h igh accuracy i s  required, such as the est imat ion o f  
water parameters. 

For a p r a c t i c a l  case with a 7-ns source pulse', t he  peak power received 
from the bottom return,  obtained by convert ing the received energy equation, 
may thus .be described e f f e c t i v e l y  as 

where the n ' s  are as reported previously.  
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This s ignal  r i d e s  atop the volume backscatter s ignal  which decays roughly 

as exp(-2KD) w i t h  increas ing depth. From the above form, it can be seen t h a t  

a so-cal led " e x t i n c t i o n  coef f ic ient" ,  E,,,, expected t o  be f a i r l y  constant f o r  

a l l  water condi t ions ( f o r  a given system w i t h  spec i f i ed  a l t i t u d e ,  n a d i r  angle, 

etc.) can be defined i n  the form Sm = nKD. Since pulse s t r e t c h i n g  causes the  
peak bottom r e t u r n  ,power t o  decay a t  a r a t e  which seems t o  be s l i g h t l y  f a s t e r  
w i t h  increas ing depth than the  volume backscatter s ignal ,  t he  l a t t e r  appears 
t o  be a l i m i t i n g  noise source f o r  n ight t ime operation. 

The f ie ld-of-v iew factor, Fp, i s  d i f f e r e n t  than t h a t  f o r  t he  energy 

equation, because, as described i n  sect ion 3.4, a l o s s  of energy does n o t  
necessar i ly  lead t o  a s i g n i f i c a n t  l oss  i n  peak power. An i n s u f f i c i e n t  FOV 

which s p a t i a l l y  excludes a p o r t i o n  o f  the r e t u r n i n g  s ignal  reduces the FP 
f a c t o r  below u n i t y  i n  a h i g h l y  complex way which depends on the FOV, water 
parameters, depth, a l t i t u d e ,  and the  durat ion o f  the i n c i d e n t  source pulse. 
No d e t a i l e d  r e l a t i o n s h i p s  have been der ived for  Fp other  than t o  note the  FOV 
requi red t o  maintain a value near un i t y .  

It i s  important t o  r e i t e r a t e  here (because of confusion and expediencies 
i n  the past )  t h a t  ne i the r  the bottom ' return energy nor the peak power depend 
unambiguously on the  o p t i c a l  depth, aD. The o p t i c a l  depth alone cannot be 
used t o  p r e d i c t  maximum penetrat ion depths because these are seen t o  depend 
e x p l i c i t l y  on KD, and the r e l a t i o n s h i p  between K and a i s  a very s t rong 
funct ion of %. Furthermore, pulse s t r e t c h i n g  adds add i t i ona l  losses which 
have been character ized as an increased exponential l oss  fac to r .  
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5.0 B I A S  PREDICTION 

5.1 Methodology 

I n  u t i l i z i n g  t h e  forthcoming resu l t s ,  i t  i s  important t o  r e c a l l  t h e i r  
o r i g i n s  and t h e  bounds of t h e i r  v a l i d i t y .  

1) The impulse response funct ions (IRFs) are q u a l i t a t i v e l y  depth 
independent and can be scaled t o  any water depth. 

2) The so-cal 1 ed "envi ronmental I' response funct ions (ERFs) were generated 
by convolving depth-scaled IRFs w i t h  a tr iangle-shaped source func t i on  o f  7-ns 

half-width. The ERFs are thus depth speci f ic ,  and r e s u l t i n g  biases a re  v a l i d  

on ly  f o r  source pulse widths not  s i g n i f i c a n t l y  d i f f e r e n t  from 7 ns. 

3)  Biases depend s t rong ly  on s ignal  processing techniques and pulse 
l o c a t i o n  a1 go r i  thms . Depth measurement b i  ases have been ca l  c u l  ated f r o m  t h e  
ERFs f o r  two s i g n i f i c a n t l y  d i f f e r e n t  s ignal  processing algori thms: l i n e a r  

f r a c t i o n a l  thresholds and HALS' log/difference/CFD. a h e r  procedures w i  11 
y i e l d  d i f f e r e n t  biases. 

4) The s imulat ion i s  f o r  a homogeneous water column' and f l a t ,  ho r i zon ta l  

surface and bottom. It was demonstrated, however, (Guenther and Thomas 198lc)  
t h a t  even u n r e a l i s t i c a l l y  l a rge  inhomogeneities i n  water o p t i c a l  p roper t i es  

r e s u l t  i n  e r ro rs  i n  b ias est imat ion o f  l ess  than t10 cm. Reported biases 
inc lude no surface r e t u r n  s t r e t c h i n g  e f f e c t s  such as geometry, waves, etc. 
Errors due t o  waves must be handled separately. 

5) Simulat ions were conducted . f o r  what i s  considered t o  be bounding 
ranges of key water o p t i c a l  parameters: phase funct ion,  o p t i c a l  depth, and 
s i  ngl  e-scatter! ng a1 bedo. Appropriate volume backscatter . s ignal  s were 
appended t o  the leading edges of t he  ERFs f o r  HALS-type processing because of 
t h e  s i g n i f i c a n t  e f fect  of backscatter decay slope on pulse l o c a t i o n  f o r  such 
a1 go r i  thms. 

6) The s imulat ion e r r o r  i n  reported bi-ases i s  est imated t o  be general ly 
under f5 cm. 

5.2 Bias Computation 

For a given set  o f  depth-speci f ic ,  simulated bottom returns (ERFs) 
parameterized on beam n a d i r  angle and water o p t i c a l  proper t ies,  t h e  f i r s t  step 
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i n  c a l c u l a t i n g  depth measurement bias p red ic t i ons  i s  t he  modeling o f  t he  
various s ignal  processing and pulse l o c a t i o n  est imat ion procedures. A f t e r  t he  

appropr iate t r a n s f e r  funct ions have operated on the  i n p u t  s ignals,  t he  

apparent depth i s  ca l cu la ted  from the t ime i n t e r v a l  between the  de tec t i on  

l oca t i ons  o f  t he  surface r e t u r n  and bottom r e t u r n  pulses. For the  reported 

biases, t he  source pulse was used d i r e c t l y  as the  surface re tu rn  pulse (a 

m i r r o r - l i k e  r e f l e c t i o n  from a f l a t  surface), and a common pulse l o c a t i o n  
a lgo r i t hm was appl ied t o  each. It i s  conceivable t h a t  separate op t im iza t i on  
o f  the surface and bottom r e t u r n  detect ion algor i thms might be desirable.  I f  
so, l o c a t i n g  the  two pulses a t  d i f f e r e n t  thresholds, f o r  example, would cause 

an add i t i ona l  b ias which depends only on the shape o f  the i n t e r f a c e  r e t u r n  and 
which could be removed w i t h  a pre-calculated corrector .  

. Depth measurement biases were ca lu la ted  from the ERFs fo r  two d iverse 

types o f  pulse l o c a t i o n  algor i thms: a s t ra igh t fo rward  amplitude threshold 
p ropor t i ona l  t o  the  peak height  appl ied t o  the l i n e a r  i n p u t  ( t he  so-cal led 
l i n e a r  f r a c t i o n a l  threshold o r  LFT), and the  complex HALS protocol  which 
i nvol ves l o g a r i  thmi c ampl i f i c a t i o n  f o r  ampl i tude compressi on, a time-de? ayed 

d i f f e r e n c e  operat ion t o  remove the  volume backscatter s igna l  ,. and pulse 
l o c a t i o n  by a specia l ized constant f r a c t i o n  d i sc r im ina to r  (CFD) a lgo r i t hm as 
implemented on an a v a i l a b l e  hardware chip. Fur ther  d e t a i l s  o f  the HALS 
processing procedures can be found i n  Guenther (1982). Each basic a lgor i thm 
i s  represented by m u l t i p l e  sets o f  biases corresponding t o  selected values o f  
imbedded parameters. 

L inear  f r a c t i o n a l  . threshold detect ions are obtained d i r e c t l y  from the 
ERFs. Because the  HALS processing i n v o l  ves two time-delayed d i f ferences,  
however, the r e s u l t i n g  pulse detect ion t ime depends not only on the  shape o f  
t he  ERF, but  a l so  on the l o g  slope o f  the volume backscatter s ignal  which 
precedes it. The e f f e c t  can be q u i t e  s i g n i f i c a n t  i n  " d i r t y "  waters where the  
backscatter slope i s  steep. I n  order t o  provide accurate b ias p red ic to rs  f o r  
t h e  case of HALS processing, the s p e c i f i c  volume backscatter s ignal  associated 
with each ERF has been appended t o  the s t a r t  o f  t h a t  ERF. 

For a given ERF, t he  parameters aD, 0, and % . a r e  speci f ied.  The value 
o f  a i s  thus known, and given ~ 0 ,  the K/a r a t i o  can be der ived from the "best 
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fit" r e l a t i o n s h i p  shown i n  Fig. 22. K i s  thus uniquely defined f o r  each 

ERF. 

l o g  slope roughly equal t o  -cK (see sect ion 6), where c i s  t h e  speed o f  l i g h t  
i n  water. For HALS processing, t he  volume backscatter s ignal  f o r  each ERF i s  

constructed i n  l o g  space by ex t rapo la t i ng  a l i n e  o f  appropr ia te slope backward 
from the  f i r s t  p o i n t  of t he  logged ERF. This composite s ignal  i s  then f u r t h e r  

processed, as f o l  1 ows . 

The decay o f  t he  volume backscatter power i s  exponential i n  t ime w i t h  a .  

Three waveforms associated w i t h  the  l og /d i  f ference/CFD process a re  seen 
i n  Fig. 33. A t  the top i s  t he  logged ERF . i n p u t  w i t h  associated volume 
backscatter t a i l ;  i n  t h e  middle i s  t h e  output of t he  delayed d i f f e r e n c e  

operation; and a t  t he  bottom i s  an i n t e r n a l  CFD s ignal  f o r  which the  p o s i t i v e -  

going zero crossing i s  t he  de tec t i on  point .  The delayed d i f f e r e n c e  operat ion 

appl ied t o  the decaying volume backscatter s ignal  produces a constant negat ive 

l e v e l  i n t o  t h e  CFD which v i o l a t e s  one o f  t h e  assumptions associated w i t h  
performance o f  the CFD c i r c u i t .  The negative i n p u t  l e v e l ,  whose magnitude 
increases w i t h  decreasing water c l a r i t y ,  causes delayed detect ions and leads 

t o  added p o s i t i v e  biases which depend on the  delay times, water c l a r i t y ,  
signal-to-background r a t i o ,  etc. These per turbat ions o f  t h e  propagation- 

induced biases by the processing protocol  automat ica l ly  become p a r t  o f  t h e  
f i n a l  resu l t s ,  however, and need no t  be separately handled. 

The b i a s  c a l c u l a t i o n  f o r  any s ignal  processing and pulse l o c a t i o n  
a lgor i thm i s  based on the  t i m i n g  diagram shown i n  Fig. 34, where t D  i s  t he  
t ime associated w i th  the  " t rue"  s lan t  range, a n d . t A  i s  t he  t ime associated 
w i t h  the  ''apparent" s l a n t  range measure a t  t h e  de tec t i on  point .  The' 
"measured" bottom pulse l o c a t i o n  time, t M s  for a given a l g o r i t h m  and t h e  

"reference" time, t R ,  f o r  t he  unscattered ray can be measured from any 
consis tent  s t a r t i n g  time, as long as i t  i s  the same fo r  both, because on ly  
t h e i r  d i f f e rence  i s  important. The t ime base o r i g i n  i n  Figs. 12 and 13 
conforms t o  the a r b i t r a r y  no ta t i on  of Fig. 34 i n  which the  source pulse i s  
assumed t o  s t a r t  a t  t h e  t ime of t h e  impulse. The surface pulse ha l f -w id th  
(FWHM) i s  tw/2, and the  surface pulse l o c a t i o n  time, t S ,  i s  measured from t h e  
s t a r t  of t h a t  pulse. It can be seen in.Fig. 34 t h a t  t D  and t A  a r e  r e l a t e d  by 
the  expression 
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The s l a n t  range b i a s  t ime, tB ,  i s  t hen  

and t h e  associated depth measurement b i a s  w i l l  be B = (c t g  cos$)/2, where B 
i s  p o s i t i v e  f o r  "deep" b iases and negat ive  f o r  shal low biases. To c a l c u l a t e  
t h e  b ias  time, tg ,  one ob ta ins  t M  - t R  from t h e  processed bottom r e t u r n  pu lse  
and t S  f rom t h e  processed surface r e t u r n  pulse. As was noted i n  Guenther 
(1982) f o r  HALS processing, t h e  de tec t i on  time, t S ,  on a h i g h  s i g n a l - t o -  
background r a t i o  (Pm/B) t r i a n g u l a r  pu lse  i s  equal t o  t h e  CFD delay.  The CFD 
delay has thus been used f o r  t S  i n  c a l c u l a t i n g  HALS biases. This  r e l a t i o n s h i p  
becomes l e s s  exact  f o r  Pm/B 7 10 and f o r  s i g n i f i c a n t l y  d i f f e r e n t  pu l se  
shapes. I f  ext remely weak o r  h i g h l y  d i s t o r t e d  surface r e t u r n s  were 

encountered, a s e t  of c o r r e c t o r s  (parameterized on Pm/B) woul d be necessary . 
HALS biases a re  small b u t  non-zero a t  aD=O due t o  t h e  Pm/B e f f e c t .  

Biases were c a l c u l a t e d  f o r  a l l  combinat ions o f  physical  depth, r e c e i v e r  

parameters, p u l s e .  l o c a t i o n  a lgor i thms,  and re levan t  water o p t i c a l  p r o p e r t i e s  
(phase func t ion ,  o p t i c a l  depth, and single-sca;tering albedo) . It can be 

noted t h a t  t h e  changes i n  b i a s  p r e d i c t o r s  f rom t h e  o l d  s e t s  i n  which t h e  a i r  
pa th  was ignored a re  a l l  negat ive  ( i n  t h e  shal low d i r e c t i o n ) ,  as expected, and 

t h a t  t h e  magnitudes of t h e  d i f fe rences  inc rease w i t h  i n c r e a s i n g  nadi r angle, 
w i t h  i nc reas ing  o p t i c a l  depth, and w i t h  e a r l i e r  d e t e c t i o n  t imes. For  l a r g e  
o p t i c a l  depths, t h e  b i a s  'changes a t  a 25' n a d i r  angle due t o  i n c l u s i o n  o f  t h e  
a i r - p a t h  e f f e c t  vary f rom about 20 cm f o r  t h e  50% t h r e s h o l d  t o  about 90 cm f o r  

t h e  HALS a l g o r i t h m  w i t h  6-ns delays. The n a d i r  r e s u l t s ,  which were expected 
t o  be r e l a t i v e l y  unaffected, agree t o  w i t h i n  about  f 1 cm RMS. 

The b iases and t h e i r  f u n c t i o n a l i t i e s  a re  discussed i n  t h e  f o l l o w i n g  
sect ions,  and a complete se t  o f  b iases i s  t a b u l a t e d  i n  Appendix A f o r  f u t u r e  
reference. E a r l i e r  b iases repor ted  i n  tab les  and p l o t s  i n  NOAA Technical 
Report OTES 3 (Guenther and Thomas 1981b) a re  outdated, as a r e  t h e  references 
t o  a b ias  c o r r e c t i o n  procedure us ing  water o p t i c a l  parameters est imated from 
t h e  a i r .  Th is  new r e p o r t  supercedes and rep laces t h e  r e s u l t s  and conc lus ions  
i n  OTES 3 as w e l l  as expanding s i g n i f i c a n t l y  upon i t s  content .  
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5.3 Bias S e n s i t i v i t i e s  

Because t h e  depths are measured w i t h  leading edge pulse l o c a t i o n  

algori thms, the biases are based p r i m a r i l y  on the photons which t raverse t h e  

shortest ,  and hence l e a s t  attenuated paths. The shape o f  the leading edge i s  

thus l a r g e l y  determined by the  scat ter ing,  r a t h e r  than the  absorpt ion 

c h a r a c t e r i s t i c s  o f  t he  water. It makes sense, therefore, t o  consider t h e  
s c a t t e r i n g  o p t i c a l  depth, sD=uoaD, the  mean number o f  s c a t t e r i n g  events t o  the  

bottom, as a l i k e l y  candidate fo r  the major funct ional  b ias  dependence, 
regardless of separate values of ~0 and aD. Wilson (1979) showed s i m i l a r  

f u n c t i o n a l i t i e s  f o r  the radiance and i r rad iance  d i s t r i b u t i o n s .  

This r e l a t i o n s h i p  i s  demonstrated w i t h  the NAVY phase funct ion i n  Figs. 

35 - 37 for  LFT and Figs. 38 - 40 f o r  HALS. Note f o r  a l l  f i gu res :  under ALG 
f o r  "algori thm", t he  desc r ip t i on  block i n  the f i g u r e s  l i s t s  an "L" f o r  LFT 
fol lowed by the  threshold f r a c t i o n  i n  parentheses and a "C" f o r  CFD fol lowed 
by values for Pm/B and the  CFD delay i n  nanoseconds, respect ive ly .  A l l  HALS 
examples shown are f o r  a d i f f e rence  operat ion w i t h  a 6-ns delay. The th ree  
curves i n  each fami ly are for  uo values of 0.9, 0.8, and 0.6. The groupings 
are r e l a t i  vely t i  ght regardless o f  nadi r angle, depth, or processing protocol  , 
although the groups e x h i b i t  l ess  v a r i a t i o n  for  LFT processing than f o r  the 
more complex and non- l inear CFD processing. S im i la r  groupings occur f o r  t he  
NOS phase func t i on  but  a t  somewhat d i f f e r e n t  b ias values. 

This i s  a usefu l  r e s u l t  because i t  reduces the number o f  b i a s - d r i v i n g  
parameters whose values are not known a p r i o r i  from th ree  (phase function, aD, 
and q,) t o  two (phase func t i on  and q,aD). The p o t e n t i a l  u t i l i t y  o f  t h i s  
r e l a t i o n s h i p  i s  discussed i n  sect ion 6. The f igures support ing the  t e x t  are 
p l o t t e d  w i t h  e i t h e r  o p t i c a l  depth or s c a t t e r i n g  o p t i c a l  depth as the  
independent var iable.  Opt ica l  depth has been used a t  t imes f o r  c l a r i t y  or 
convenience, o f t e n  where a s i n g l e  "average" value such as q,=0.8 i s  p lo t ted .  
In such cases the  r e s u l t s  may be e a s i l y  general ized by m u l t i p l y i n g  the  
abscissa values by the appropr iate q,. 

The sD dependence i s  by no means ' 'perfect" because o f  t he  e f f e c t s  o f  
s ignal  processing. For. example, w i t h  HALS-type processing, the e f f e c t  o f  t h e  

63 



RLG AN6 0 W0 FOU 
NAUY PHASE FUNCTIOH 
1 LC 58%) 0 PEG 5m 8.6 8.59 

H A W  PHASE FUNCTION 
2 LC. 582) 0 GEC Sn 8.8 8.50 

HAlJY PHfiSE FUNCTION 
3 L (  50:;) 8 DEC 5n 0.9 8.50 

NAUY PHkSE FUNCTION 
4 LC. 58%) 8 DEG 1811 0.6 0.58 

NElUY PHASE FUHCT I OH 
5 L( SO$> 8 DEC 10r1 0.8 0.58 

HAUY PHASE FUNCT IOH 
6 LC 50%) 8 DEC lOn 8 . 9  0.58 

NAUY PHASE FUt4CT ION 

NAUY PHFISE FUNCTION 
8 L( 50%) 0 DEC 28n 8.8 8.50 

NAUY PHASE FUNCTION 
9 L< sem e DEC 2 0 ~  0.9  0.50 

7 L( 58%) 6 coEG 2 8 M  8.6 8-50  

e 

20 m 

6 

FIGURE 35. DEPTH HEASUREHEHT B I A S  CCN> US SCATTERIHG OPTICAL DEPTH 

ALC o ue FOU 
NRUY PHFISE FUNCTION 
1 L( 58:;) 15 OEG 51q 0.6 8.58 

NQW PHHSE FUHCT ION 
2 L( 50:;: 15 OEG SM 8.8 0.58 
NAVY PHGSE FUIKTIOW 

NNJY PHASE FIJt4CTIOH 
4 L (  502) 15  DEC l o r 4  0.6 0.50 

NAUY PHASE FUHCTIOH 

NfiUY PHASE FUWCT I OH 
6 L<  56:;) 15 DEG 18n 8.9 8.50 

NACJY PHASE FUMCT I O H  
7 L<  505) 15 DEC 28r1 8.6 0.58 

NRUY PHRSE FUHCT ION' 
8 L(  W;> 15 DEG 20r1 0.8 8.50 

NAUY PHfiSE FUt4CTIOH 
9 L( 50%) 15 PEG 2 0 ~  0.9  0.58 

3 L (  58%) 15 DEC 511 0 . 9  8.58 

5 LC 50%) 15 DEG 1On 0.2 0.50 

20 

10 

Q 

FIGURE 36. DEPTH MEASUREMENT B I A S  (CH) US SCATTERIHG OPTICAL DEPTH 

64 



ALC CINC b UO FOU 
NAVY PHASE FUHCT I ON 
I L( 585)  25 DEG SR 0.6 0.50 

NAVY PHASE FUNCTION 
2 L( 50%) 25 DEG 51.I 0.8 8.50 

3 L( 50:;) 25 DEG Sn 0 . 9  0.58 

N N Y  PHkSE FUNCTION 
4 LC 58:;; 25 GEC 1811 0.6 0.58 

NElUY PHASE FUNCTION 

Haw PHASE FUNCTION 

s L(  s 0 w  2s DEG ion 8.8 8.50 

NAUY PHkSE FUNCTION 
6 L( 5851 25 DEG lor4 8.9 0.50 
NAVY PHASE FUNCTION 
7 L( 50s) 25 DEG 2811 0.6 8.50 

NAUY PHCISE FUNCTION 
8 L( 58%) 25 DEG 28n 0.8 0.58 

NAUY PHFlSE FUNCTION 
9 L( 50%) 25 DEG 20n 0.9 0.58 

i e  

0 

-1 0 

-28 

-30 

FIGURE 37. DEPTH HEASUREllENT B I A S  CCM) US SCATTERIHC OPTICCIL DEPTH 

CILG ANC D ue FOU 
NhUY PHFISE FUNCTION 
1 CC 3 9  6). 8 DEG 514 8.6 0.58 

N W Y  PHASE FUNCTION 
2 C( 39 6 )  0 DEG Sm 8.8 8.58 

NCIUY PHASE FUNCTION 
3 C (  39 6 )  0 GEG Sfq 8 .9  0.50 

NCIU'I PHASE FUNCT I Ut.( 
4 C (  39 6)  0 DEG 101q 0.6 0.50 

NCIUY PHCISE FUNCT I OH 
S C( 39 6 i  8 DEC 18n 8.8 8.50 

NSIUY PHClSE FUWCTION 
6 C( 39 6 )  8 DfG 1 9 ~  8.9 0.50 

NRUY PHASE FUHCTION 
7 C <  3,  6)  0 DEG 20n 0.6 8.50 

NCIUY PHCISE FUNCTION 
8 C (  39 6) 0 DEG 20m 0.8 8.58 

NCIUY PHCISE FUNCTION 

40 

30 

28 

9 c( 3, 6 )  e DEG 20~1 0.9  o.se 
A= 6 ns 

0 
2 4 6 8 10 12 14 16 

I 

FIGURE 38. DEPTH MEASUREMENT BIAS (CM) US SCATTERING OPTlICAL DEPTH 

65 



ALC ANC 0 U0 FOU 
NAdY PHASE FUNCTION 40 

NAUY PHASE FUNCTION 
2 C (  39 6 )  10 DEC 51 8.8 0.50 

NAVY PHkSE FUNCTION 
3 C (  39 6 i  10 DEG 5n 8.9 0.50 30 

NClUY PHASE FUHCTIOH 
4 C(  3, 61 10 DEC 1 0 ~  0.6 0.50 

NAUY PHASE FUNCTION 
5 C( 39 6)  10 GEC 1 0 ~  0.8 0.50 

NAUY P H M E  FUNCTION 

NAUY PHASE FUNCT I OH 
7 C (  39 6)  10 DEG 2 8 M  0.6 0.50 

1 C( 3, -6) 10 DEG Sn 0.6 0.50 

20 
6 CC 3,  6; 18 DEG 18~1 8.9 8-50  

HfiUY PHASE FUNCTSON 10 8 C( 39 6)  18 PEG 20m 8.8 0.58 

NAUY PHASE FUNCT IOH 
9 C( 3, 6)  10 DEG 20fi 0.9 8.58 

As 6n5 
0 

16 
1 

F I G U R E  39:DEPTH MEASUREMENT BIAS (CHI  US SCATTERINC OPTICAL DEPTH 

ALG ANG D W e  FOU 
NAUY PHASE FUNCT1Ot.I 
1 C (  3, 6 )  28 DEC Sm 8.6 6.58 

26 NAUY PHaSE FUHCT IOtJ 
2 C t  39 6 )  20 DEG Sm 0.8 8.58 

NAUY PHASE FUtJCT ION 
3 C (  39 6 )  28 GEG 5r1 0.9 8.50 18 

' N W Y  PHASE FUNCTION 
4 C (  3, 6 )  20 IlEG 1 0 ~  9.6 B.50 

NAUY PHCISE FUIXT I ON 
3 C (  3, 6 )  20 DEC 10n 0.8 8.58 

NRUY PHASE FUNCTION 

NAUY PHASE FUNCTION 
7 C (  3,  6)  20 PEG ?ON 0.6 8.58 

NAUY PHASE FUt4CT I ON 
8 C( 3, 6)  20 DEG 2 0 ~  8.8 0.58 

NAUY PHASE FUHCTION 

A = 6 n s  

0 

6 C (  3, 6)  20 GEC 1 0 ~  9.9 8.58 -10 

-20 

9 C (  3, 6)  20 DEG 2 8  0.9  0.50 -30 

5m 

FIGURE 40. DEPTH NEASUREMENT BICIS tCM)  [JS SCATTERING OPTICkL GEPTH 

66 



volume backscatter s ignal  competes w i t h  the  ~0 e f f e c t .  By i t s e l f ,  small ~0 
leads t o  more negat ive biases due t o  higher absorpt ion and an emphasis on t h e  
shor test  path -- which i s  i n  the undercutt ing region. On the  other hand, for  

a given a, lower % leads t o  higher values o f  K and l a r g e r  negat ive i n p u t  
l e v e l s  t o  the  CFD from the  backscatter s ignal .  This, i n  turn,  leads t o  
delayed detect ions and subsequently more p o s i t i v e  biases, p a r t i c u l a r l y  a t  

shal low depths and low Pm/B. This i s  s t r i k i n g l y  evident i n  the  5-m curves i n  

Figs. 35 - 40. The net r e s u l t s  o f  t h i s  compet i t ion are depth and ~0 ef fects 

which are somewhat d i f f e r e n t  f o r  HALS processing than f o r  LFT. 

The phase func t i on  e f f e c t  i s  demonstrated i n  Figs. 41 and 42. For n a d i r  
angles o f  ' 10' or  more, the d i f ferences are t y p i c a l l y  under 10 cm between the 

"NAVY" and "NOS" phase funct ions which are considered t o  be more o r  l e s s  
bounding f o r  expected coastal  waters. The b ias d i f f e rences  are considered t o  
be small enough t h a t  an average value between the two can be used f o r  b ias  
predic t ion.  For t h a t  reason, much o f  the f o l l o w i n g  demonstration o f  b ias 
s e n s i t i v i t i e s  w i l l  h i g h l i g h t  only one, the "NAVY" phase funct ion.  

. The e f f e c t s  o f  the a i r  nad i r  angle f o r  depths o f  5 m, 10 m, 20 m, and 
40 m are seen i n  Figs. 43 - 46 and 47 - 50 f o r  LFT and HALS respect ive ly .  
Note i n  each case the  o rde r l y  progression toward more negat ive (shal low) 
biases as the n a d i r  angle increases. This i s  due t o  the p ropor t i ona te l y  
l a r g e r  e f fect  o f  "undercutt ing" a t  l a r g e r  i nc iden t  angles. It can be seen 
t h a t  t he re  i s  tremendous v a r i a t i o n  i n  both the b ias t rends and magnitudes f o r  
t h e  two d i f f e r e n t  processing and pulse l o c a t i o n  protocols.  The HALS 

l og /d i  fference/CFD biases are cons is ten t l y  more negat ive due a o s t l y  t o  1 a t e r  
de tec t i on  on the surface r e t u r n .  but  a lso p a r t l y  t o  e a r l i e r  de tec t i on  on the  
1 eadi ng edge o f  propagati  on-st retched bottom returns.  Note a1 so the tendency 
toward l a r g e r  biases (both p o s i t i v e  and negat ive) a t  l a r g e r  physical  depths 
due t o  the  f a c t  t h a t  t he  depth acts  as a sca l i ng  fac to r  f o r  t he  normalized 
t ime delays. The e f f e c t '  o f  physical  depth f o r  constant n a d i r  angles i s  
i l l u s t r a t e d  d i r e c t l y  i n  Figs. 51 and 52. 

It may be noted i n  Figs. 49, 50, and 52 t h a t  the HALS biases f o r  l a rge  
n a d i r  angles and moderate-to-large depths become very l a r g e  and negat ive f o r  
o p t i c a l  depths as small as 2. By analyzing the  waveforms, i t  can be seen t h a t  
these biases are r e a l  but  an a r t i f a c t  o f  t h e  processing. The a lgo r i t hm 
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detects  p r i o r  t o  the desired t ime because o f  the existence i n  these cases o f  a 
p lateau very c lose t o  the  zero l e v e l  i n  the i n t e r n a l  CFD s ignal  on which 
pos i t ive-going zero crossings are detected. This  e f f e c t  i s  undesirable 
because a small v a r i a t i o n  i n  r e t u r n  shape, receiver  f i e l d  o f  view, o r  a small 
amount o f  noise can cause a huge v a r i a t i o n  (and hence e r r o r )  i n  the  measured 

depths.' T h i s  i s  a ser ious problem which would have t o  be d e a l t  with i f  the  
HALS protocol  were used operat ional ly .  

Since n e i t h e r  phase function, oo, nor u can be p r a c t i c a l l y  measured from 
t h e  a i r ,  operat ional  var iab les such as n a d i r  angle must be purposeful ly 
selected t o  minimize the r e s u l t i n g  b ias  uncer ta in t ies.  This f a c t  i s  
i l l u s t r a t e d  i n  Figs. 53 and 54 f o r  the n a d i r  case a t '  a depth o f  20 m. The 
biases are l a rge  and a strong funct ion of woaD. For LFTs, the unce r ta in t y  i n  

phase func t i on  alone r e s u l t s  i n  b ias unce r ta in t i es  o f  20 cm a t  high o p t i c a l  
depths. For these reasons, operat ion near nadi r i s  undesirable. 

The e f f e c t  o f  r e c e i v e r  field o f  view (FOV) i s  seen i n  Figs.  55 and 56. 
The parameter used t o  def ine FOV i n  a l l  b ias p l o t s  i s  the radius o f  t he  spot 
viewed on the  surface by the telescope scaled t o  the depth o f  t he  water 

( r S / D ) .  Previous p l o t s  have a l l  been f o r  rs/D=0.5 (dS/D = l) ,  which, as noted 
e a r l i e r ,  i s  a value t h a t  has been determined t o  be both appropr iate and 
rea l i zab le .  Reducing t h a t  by a f a c t o r  of two i s  seen t o  have an e f f e c t  on the  
biases o f  t y p i c a l l y  less than 10 cm. Larger FOVs have s l i g h t l y  l a r g e r  biases. 

The ef fect  of the pulse l o c a t i o n  threshold f r a c t i o n  a t  a 20-m depth i s  
demonstrated i n  Fig. 57. The 20% threshold y i e l d s  more negative biases than 
the  50% threshold because detect ion occurs r e l a t i v e l y  e a r l i e r  on the stretched 

bottom r e t u r n  pulse. The reverse i s  t r u e  fo r  the 80% threshold.'?he v a r i a t i o n  
i n  b ias magnitude w i t h  nad i r  angle i s  l a r g e r  f o r  lower thresholds;  the higher 
thresholds are thus preferred. They are a lso super ior  from the p o i n t  o f  view 
of p rec i s ion  (Guenther and lhomas 1981d) because 1 ow thresholds are i n h e r e n t l y  
n o i s i e r .  S imi lar  re la t i onsh ips  apply for  o ther  depths. 

For the HALS processing algori thm, the durat ion o f  the d i f ference delay 
must be roughly equal t o  the r i se t ime  of the source pulse. Shorter values 
reduce . the 'avai 1 ab1 e s ignal  amp1 i tudes, and 1 onger values lead t o  1 arge, deep 
biases and la rge  b ias v a r i a t i o n  (see next sect ion)  a t  low depths o r  o p t i c a l  
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depths. Th is  i s  due t o  d i s t o r t i o n  o f  t h e  r e s u l t i n g  waveform caused by t h e  
i n f l uence  o f  t h e  volume backscat te r  s igna l  which precedes t h e  bottom re tu rn .  

A l l  r e s u l t s  presented here a r e  f o r  a d i f f e r e n c e  delay o f  A = 6 ns which n i c e l y  
matches t h e  7-ns source r i s e t i m e  used f o r  genera t ing  t h e  ERFs. 

The analog o f  LFT f r a c t i o n  f o r  CFDs is t h e  CFD t ime  delay.  It has been 
shown (Guenther 1982) t h a t  t h e  r a t i o  of t h e  delay t o  t h e  pu lse  r i s e t i m e  f o r  
log/d i f ference/CFD process ing i s  roughly  equ iva len t  t o  t h e  t h r e s h o l d  f r a c t i o n  
f o r  an LFT. The d e t e c t i o n  p o i n t s  a re  determined main ly  by t h e  delay t imes,  

however, and a re  no t  as s e n s i t i v e  t o  pu lse  shape as those f o r  f r a c t i o n a l  

thresholds.  As seen i n  Fig. 58, t h e  e f f e c t  of t h e  CFD delay on t h e  b iases  i s  

smal l ,  because t h e  d e t e c t i o n  p o i n t s  s h i f t  on t h e  bottom r e t u r n s  by an amount 

nearly equal t o  those on t h e  sur face  returns.  The e f f e c t  o f  t h e  delay on 
b iases could have been la rge r ,  however, were i t  n o t  f o r  competing e f fec ts  
associated w i t h  t h e  volume backscat te r  slope and t h e  d i f f e r e n c e  opera t ion .  

. 

Log/difference/CFD process ing has a disadvantage i n  t h a t  t h e r e  i s  an 
a d d i t i o n a l  degree of freedom i n  t h e  b i a s  dependency -- t h e  so-ca l led  h / B  
r a t i o  which i s  a 'measure ( i n  ' l i n e a r  space) of t h e  peak signal-to-background 

rat io.,  F igure  59 d e t a i l s  t h e  e f f e c t  o f  P,/B on b iases f o r  d i f f e r e n c e  and CFD 
delays of 6 ns and t y p i c a l  Pm/B values of 1, 3, and 10. Note t h a t  i f  Pm/B i s  
not s p e c i f i e d  i n  t h e  b i a s  c o r r e c t i o n  procedure, an a d d i t i o n a l  f10 cm 
u n c e r t a i n t y  w i l l  r e s u l t .  Th is  e f f e c t  i s  genera l l y  l a r g e r  than t h e  e f f e c t  o f  
vary ing  CFD delays. It w i l l  be seen s h o r t l y  t h a t  t h i s  added e r r o r  component 
i s  unacceptably l a r g e  if t h e  t o t a l  b i a s  u n c e r t a i n t y  i s  t o  be l i m i t e d  t o  f15 
cm, and t h a t  f o r  t h i s  t ype  of processing, Pm/B w i l l  need t o  be est imated f o r  
each return. 

B ias curves f o r  " t y p i c a l "  ope ra t i ng  parameters f o r  a 50% LFT a r e  seen i n  
F igs.  60 - 62. It can be seen i n  comparison w i t h  e a r l i e r  f i g u r e s  t h a t  
s e l e c t i o n  of t h e  approp r ia te  range o f  n a d i r  angles (20' - 25' i n  t h i s  case) 
can s i g n i f i c a n t l y  reduce t h e  b i a s  v a r i a t i o n  w i t h  o p t i c a l  and phys i ca l  depth. 
To depths of 20 m, t h e  r e s i d u a l  v a r i a t i o n s  a r e  p r i m a r i l y  due t o  phase f u n c t i o n  
and s i n g l e - s c a t t e r i n g  albedo. I n  t h e  20' - 25' range, t h e  5 - 2 0 4  b iases a r e  
seen t o  be l i m i t e d  t o  t-20 cm. Biases f o r  g rea te r  depths become i n c r e a s i n g l y  
shal low. 
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Biases f o r  a range o f  " t y p i c a l "  operat ing condi t ions f o r .  HALS 
log/difference/CFD processing are seen i n  Figs. 63 and 64 f o r  t h e  two phase 
funct ions.  The o v e r a l l  ranges of biases are l a r g e r  than f o r  a 50% LFT, and 
are l a r g e r  even f o r  s i n g l e  Pm/B values. The 15" n a d i r  angle which balances 

the' b ias  range about zero i s  s i g n i f i c a n t l y  smal le r  than t h a t  for LFTs 

(20' - 25'). 

5.4 Bias Var ia t i on  

For b ias  co r rec t i on  purposes, predic ted biases can be u t i l i z e d  only  t o  
During f l i g h t  t h e  extent  t h a t  t he  d r i v i n g  independent parameters are known. 

operations, those parameters which are known or can be reasonably estimated 
a re  n a d i r  angle, water depth, processing protocol ,  receiver  f i e l d  o f  view, 
and, i f  necessary, peak s ignal  -to-background r a t i o .  Water o p t i c a l  parameters 
which are unknown and d i f f i c u l t  t o  est imate i n  r e a l  t ime from l i d a r  re tu rns  
are phase func t i on  and s c a t t e r i n g  o p t i c a l  depth. The c r i t i c a l  quest ion i s  t o  
what accuracy t h e  biases can be predic ted wi thout  t he  l a t t e r  informat ion.  As 
w i l l  now be seen, d e t a i l e d  knowledge of watar o p t i c a l  p roper t i es ,  i s  n o t  
necessary fo r  s a t i s f a c t o r y  b ias  c o r r e c t i o n  accuracy if t h e  scanner n a d i r  angle 
i s  appropr ia te ly  l i m i t e d  t o  a value which produces minimum bias v a r i a t i o n  f o r  
unknown condi t ions.  

For var ious combinations of known parameters, t h e  bounding b ias  
predic t ions,  based on t o t a l  uncer ta in ty  i n  phase func t i on  and s c a t t e r i n g  
o p t i c a l  depth, have been ext racted f r o m  t h e  data base. For t h i s  procedure, .w0 

values o f  0.6 and 0.8 were associated w i t h  the  NAVY phase function, and 0.8 
and 0.9 with t h e  NOS. The o p t i c a l  depth was considered unknown over t h e  range 
from 2 t o  16. For f i xed  values o f  nad i r  angle and depth, t he  mean values of 
t h e  bounding b ias p a i r s  and t h e  va r ia t i ons  from these means t o  t h e  bounding 
values have been calculated. 

The mans o f  t h e  bounding b ias  p a i r s  or "mean extrema" biases are t h e  
optimum bias p red ic to rs  from t h e  po in t  o f  view t h a t  they minimize t h e  worst- 
case b ias  p r e d i c t i o n  e r r o r s  over a l l  unknown water c l a r i t y  condi t ions.  They 
are ne i the r  the  average nor t h e  most probable biases. The v a r i a t i o n s  from t h e  

81 



hLC 
NA!,Y PHASE 

HkUY PHtXE 

1 C( 1,  6 )  

2 C(l0, i i  

N W Y  PHASE 
3 CC 1, 6 i  

NkUY PHASE 
4 CClU, 6 ,  

NAVY PHASE 
5 C (  1, 6)  

N N Y  PHASE 
6 Cc10, 6) 

FUNCTION 
IS LEG 1014 

F UNC T I ON 
15 PEG ION 

FUHCT IOtI  
15 GEC 20111 

FUNCT ION 
15 DEC 2011 
FUNCTIOtI  
15 DEG 4th 

FUNCTION 
15 DEC 40n 

A=6ns 

U0 FOIJ 48 

d . 6  0.5% 30 

O . G  0.50 20 

10 

0 

-10 

8.6 8.50 

8.6 0.56 

0.6 0.50 -3 

-38 

-40 

-50 

Om6 B,58 

8.6' 0.58 

0.6 0.50 

' -70 

-e0 

I 

FIGURE 63. DEPTH HEkSURENEHT B I R S  tCN> US OPTICAL DEPTH 

ClLG ANG 0 WO FOV 
NOS PHQSE FUNCTION 40  
1 C <  1, 6 )  1 5  DEG 5 m  8 . 9  0.58 

30 
NOS PHASE FUNCTION 
2 CClO, 6 )  1 5  DEG 5r1 6.9 0.50 20 

NOS PHASE FUHCT I O N  
3 C (  1? 6 )  1 5  GEC lor1 0 . 9  0.50 l 0  

NOS PHkSE FUHCT IOt4 0 
4 C(18. 6) I S  PEG 1 0 ~  0 . 9  8.50 

-10 
NOS PHASE FUNCTIOH 
5 C <  1 ,  c j >  15 DEC 20m 8.9 8.50 -28 

NOS PHGSE FUNCTf0t.I 
6 CCl0, 6)  15 PEG 20n 0.9 0.58 -30 

NOS PHASE F ~ N C T I O N  -40 
7 CC 1 9  6 )  1 5  DEC 40m 8.9 0.50 

-50 NOS PHclSE FUNCTION 

-60 

-70 

8 CClO, 6 )  1 s  GEC 40n 0.9 0.50 
A= b n5 

FIGURE 64. DEPTH MEASUREMENT BIAS (CN> US OPTICFlL DEPTH 

82 



extrema means t o  t h e  extrema, t h e  so-cal led "half-ranges," are those worst- 
case errors .  In other  words, i f  the  reported mean o f  t he  bounding biases f o r  

a given n a d i r  angle and depth i s  used as a "passive" b ias  corrector ,  t h e  e r r o r  
i n  the r e s u l t i n g  depth estimate due t o  the  e f f e c t  o f  unknown water c l a r i t y  
parameters should never be l a r g e r  than t h e  reported v a r i a t i o n  or half-range. 

I f  these b ias va r ia t i ons  can be constrained t o  acceptable bounds by t h e  

s e l e c t i o n  o f  appropr iate ranges of operat ing var iables,  then precalcu lated 
mean biases can be appl ied t o  measured depths as correctors ,  and water c l a r i t y  

parameters need not be estimated from f i e l d  data. I f t h e  b ias  v a r i a t i o n s  are 

t o o  large, however, "act ive"  b ias  co r rec to rs  ca l cu la ted  from real-t ime, pulse- 

to-pulse estimates of water o p t i c a l  p roper t i es  w i l l  be necessary. It would be 
b e n e f i c i a l  t o  avoid t h i s  considerably more t a x i n g  procedure, i f  possible.  

The magnitudes and f u n c t i o n a l i t i e s  of t h e  b ias  extrema means and h a l f -  
ranges about the  means f o r  various LFT and CFD cases are presented i n  Figs. 
65 - 76. The b ias  v a r i a t i o n s  or half-ranges f o r  a 50% LFT are p l o t t e d  as a 
func t i on  o f  nad i r  angle i n  Fig. 65 f o r  depths from 5 t o  40 m and f o r  a FOV 
(R/D) o f  0.5. The main feature  of t h i s  data i s  the  existense o f  minima i n  the 

bias v a r i a t i o n  curves. These minima occur as the. b ias  t rends swi tch from 
being lengthened by m u l t i p l e  s c a t t e r i n g  t o  being shortened by undercutt ing. 
The r e s u l t i n g  mean biases f o r  these b ias v a r i a t i o n  minima are thus genera l ly  
f a i r l y  small. A t  a 2041 depth the  minimum f o r  t h i s  case i s  a t  a n a d i r  angle 
o f  23', wh i le  a t  40 m the minimum i s  a t  20'. For depths o f  5 m and 10 m t h e  
minima are beyond 30'. 

.The c r i t i c a l  issue i s  t he  magnitude o f  t he  b ias  v a r i a t i o n  wi th  unknown 
water parameters. I n  a t o t a l  e r r o r  budget of f 30 cm, only about 15 cm can be 
a l l o t t e d  t o  t h i s  e r r o r  source. This i s  noted on t h e  f i g u r e s  by a dashed 
l i n e .  It can be seen i n  Fig. 65 t h a t  b ias  va r ia t i ons  f o r  the o l d  2 0 4  depth 
requirement are l e s s  than 15 cm f o r  n a d i r  angles between 20' and 26'. For 5 4  
and 10- depths, b ias  v a r i a t i o n s  are under 15 cm beyond angles of 13' and 19', 
respect ive ly .  A t  40 m, t h e  minimum v a r i a t i o n  i s  21 cm, and, by i n te rpo la t i on ,  
t he  30-m minimum v a r i a t i o n  a t  22' i s  about 17 cm, which s l i g h t l y  exceeds t h e  
desi  red (but  somewhat a r b i t r a r i l y  selected) value. For t h i s  processing 
scheme, 22' i s  thus the desired operat ing angle. Uncontrol led a i r c r a f t  r o l l  
and p i t c h  w i l l  cause l a r g e r  e r r o r s  which would best be suppressed by us ing a 
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gy ro -s tab i l i zed  scanning mir ror .  Operation a t  suboptimal angles w i l l  lead t o  

e r r o r s  i n  b ias  p r e d i c t i o n  which g rea t l y  exceed i n t e r n a t i o n a l  standards. A t  

nadir,  f o r  example, t h e  b ias  v a r i a t i o n  f o r  a 50% LFT i s  seen t o  be f37 cm a t  a 
2 0 4  depth and f47 cm a t  30 m. The mean extrema biases f o r  t h e  50% LFT case 

are p l o t t e d  versus depth and n a d i r  angle, respect ive ly ,  i n  Figs. 66 and 47. 

Because the  range of unknown o p t i c a l  depths from 2 t o  16 i s  q u i t e  large,  
i t  was f e l t  t h a t  even marg ina l ly  increased knowledge of t h a t  parameter might 

reduce the  b ias va r ia t i ons ,  To t h a t  end, t h e  same procedure was repeated f o r  
t h e  case where aD i s  known ( o r  assumed) t o  be e i t h e r  less than o r  greater  than 
8. The r e s u l t i n g  half-ranges are seen i n  Fig. 68 for a 204 depth. The 
r e s u l t i n g  minimum hal f - range fo r  2 < aD < 8 i s  q u i t e  a b i t  smaller, b u t  t h e  
hal f - range f o r  8 < aQ < 16 i s  v i r t u a l l y  t he  same as f o r  2 < aD < 16. For t h e  

h igh aD case, t h e  angular range f o r  which t h e  b ias  v a r i a t i o n  i s  l e s s  than 
15 cm expands only s l i g h t l y  t o  19' - 28'. This means t h a t  most o f  t he  t o t a l  
v a r i a t i o n  occurs a t  h igh aDs, and t h a t  rmch higher r e s o l u t i o n  i n  an aD 
estimate would be requi red t o  s i g n i f i c a n t l y  reduce the  b ias  va r ia t i on .  

Figures 69 - 7 1  conta in  b ias  hal f - range and mean extrema biases for t he  
case o f  a 20% LFT. The hal f - range curves are s i m i l a r  t o  t h e i r  50% LFT 
counterparts except t h a t  t h e  hal f - range minima have been s h i f t e d  t o  s l i g h t l y  
lower nad i r  angles. For a 20- depth, the minimum i s  a t  20°, and f o r  a 15-cm 
b ias  uncertainty,  t h e  n a d i r  angle range i s  17' t o  23'. The 4 0 4  minimum i s  
20 cm a t  17'. By i n t e r p o l a t i o n ,  t he  304 minimum i s  about 16 cm a t  19.5O. 

.. The reason f o r  t h e  s h i f t  o f  t h e  minimum t o  lower angles i s  t h a t  these mean 
extrema biases are more negative f o r  given depths and n a d i r  angles than those 
f o r  t he  higher threshold. The crossover p o i n t  thus occurs a t  lower n a d i r  
angles. This case i s  l ess  a t t r a c t i v e  than for t he  50% LFT f o r  an unre lated 
reason: t h e  r e s u l t i n g  random e r r o r  conlponent i s  much l a r g e r  (Guenther and 
Thomas 1981d) . 

The character o f  t h e  b ias  v a r i a t i o n s  and mean extrema biases f o r  HALS 
processing i s  less d e f i n i t i v e  than f o r  t he  LFT case. F i r s t ,  t he  s e n s i t i v i t y  
t o  the  lower end o f  t h e  o p t i c a l  depth range i s  much greater. Because watcr 
c l a r i t y  tends t o  decrease as depth decreases, i t  i s  f e l t  t h a t  a lower l i m i t  o f  
2 i s  appropr iate f o r  p r a c t i c a l  use. If t h a t  range were expanded t o  (0 - 16) 
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i n s t e a d  o f  (2  - 16), however, s i g n i f i c a n t  d i f f e r e n c e s  would r e s u l t  due. t o  t h e  

f r e q u e n t l y  l a r g e  b iases evidenced even f o r  aD=2. Secondly, because of t h e  
p rev ious l y  mentioned p la teau  i n  t h e  CFD s igna l  f o r  cases w i t h  l a r g e  n a d i r  

. angles, low o p t i c a l  depths, and h i g h  phys i ca l  depths (very c lean water), t h e  
b iases w i l l  depend h e a v i l y  on t h e  exact  pu l se  l o c a t i o n  l o g i c  i n  a r e a l ,  no i sy  
system. The e a r l y  de tec t i ons  repo r ted  here f o r  t h e  no i  se-free, i d e a l i z e d  case 
l e a d  t o  l a r g e  b u t  f a i r l y  constant  negat ive  b iases across a wide range of 
o p t i c a l  depths. S l i g h t l y  a l t e r e d  (more soph is t i ca ted )  l o g i c  cou ld  r e s u l t  i n  

much l a t e r  de tec t i ons  and increased b i a s  dependence on o p t i c a l  depth (and 

hence increased b ias  v a r i  a t i  ons and decreased mean extrema b iases )  . Even 
though t h e  b i a s  v a r i a t i o n s  w i t h  o p t i c a l  depth f o r  t h e  i d e a l i z e d  case may be 

r e l a t i v e l y  low f o r  l a r g e  biases, opera t ion  under such c o n d i t i o n s  would be 

undesirable due t o  s e n s i t i v i t y  o f  t h e  exact  b i a s  values t o  u n c e r t a i n t i e s  i n  
n a d i r  angle, random e r r o r s  i n  t h e  s imu la t i on  r e s u l t s ,  and random no ise  i n  t h e  

ac tua l  s igna ls .  Because o f  these problems, r e s u l t s  for  t h e  o f fend ing  cases, 
which l u c k i l y  f a l l  ou ts ide  t h e  opera t iona l  reg ion  o f  i n t e r e s t ,  w i l l  n o t  be 

presented. 

I 

F igu re  72 shows t h e  b i a s  v a r i a t i o n  f o r  HALS process ing w i t h  a d i f f e r e n c e  
delay and. a CFD delay o f  6 ns f o r  a range.  o f  (unknown) peak s i g n a l - t o -  
background r a t i o s  ( P m / B )  f rom 1 t o  10. The minimum ha l f - range a t  a 2 0 4  depth 

f o r  t h i s  case i s  17 cm, and t h e  combined minimum over  t h e  5 - 30 m depth range 

i s  20 cm a t  14.5'. The reason f o r  t h e  inc rease i n  t h e  minimum b i a s  v a r i a t i o n  

over the LFT cases i s  the added degree o f  freedom represented by Pm/B. 
Because t h e  minimum value i s  u n s a t i s f a c t o r i l y  la rge ,  s p e c i f i c  i n f o r m a t i o n  on 
P,/B w i l l  be required. Bias hal f - ranges and mean extrema b iases f o r  Pm/B 
f i x e d  a t  values o f  1 and 10 are  p l o t t e d  i n  Figs. 73 - 74 and 75  - 76. 
Although t h e  hal f - ranges a re  q u i t e  s i m i l a r ,  t h e  mean extrema b iases d i f f e r  by 
about 10 cm. The 2 0 4  ha l f - range minima a re  9 cm 'and occur a t  angles o f  
14' - 15'. A t  a 2O-m depth, t h e  15-cm l e v e l  i s  no t  exceeded f o r  n a d i r  angles 
i n  t h e  range 14.5' f 4'. These angles a re  smal le r  than those f o r  t h e  LFT 
cases. The mean extrema b iases f o r  t h e  g iven cond i t i ons  a re  mor2 nega t i ve  
than f o r  LFTs, and they  change more r a p i d l y  w i t h  va ry ing  n a d i r  angle. The 
most c o n s t r a i n i n g  circumstances f o r  minimum and maximum n a d i r  angle ( f o r  h a l f -  
ranges n o t  t o  exceed f15 cm) occur f o r  5 4  and 30-m depths, respec t i ve l y .  For 
Pm/B=l, t h e  5-m hal f - ranges exceed 15 cm f o r  angles l e s s  than 15', w h i l e  f o r  
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Pm/B=lO, the  30-m half-ranges exceed 15 cm f o r  angles greater  than 15.5'. The 
desired operat ing angle f o r  the HALS processing scheme i s  thus 15'. A gyro- 

s t a b i l i z e d  scanning m i r r o r  i s  again h i g h l y  desirable.  Curves fo r  CFD delays 

of 3 and 10 ns are s i m i l a r  due t o  the prev ious ly  noted r e l a t i v e  i n s e n s i t i v i t y  
o f  the biases t o  t h a t  parameter. As w i t h  the LFT case, s p l i t t i n g  biases i n t o  

two o p t i c a l  depth ranges does not provide a means of s i g n i f i c a n t l y  improving 

performance, even though the f u n c t i o n a l i t i e s  are somewhat d i f f e r e n t .  

5.5 Formal Bias Descr ip t i on  

For  use as bias correctors ,  t he  mean extrema biases presented i n  the  
f i  gures can be e i t h e r  tabu1 ated o r  f i t t e d  a n a l y t i c a l  ly .  Smoothed biases 

tabulated a t  5 m, 10 m, 20 m, 30 m, and 40 m can be i n t e r p o l a t e d  l i n e a r l y  over 
depth and nad i r  angle, with very small res idual  er rors ,  f o r  n a d i r  angles up t o  

and i n c l u d i n g  25'. A l te rna te l y ,  i f  algebraic representat ions are desired, t he  

biases can be, described i n  the form 

B(cm) = aDn - bDm(l - ( 9 )  . 

where B i s  t h e  b i a s  i n  cent imeters,  D i s  t h e  depth i n  meters, and 8 i s  t h e  a i r  

n a d i r  angle. The coe f f i c i en ts  a, b, n, m, and k can be adjusted t o  f i t  the 
b ias curves f o r  various cases o f  s ignal  processing a1 g o r i  thms and parameters. 
Table 2 presents sets of c o e f f i c i e n t s  for  the mean extrema bias curves shown 
i n  Figs. 66, 70, 74, and 76 along w i th  t h e i r  respect ive RMS o f  fit and maximum 
dev ia t i on  o f  f it calcu lated fo r  depths from 5 m - 20 m and nad i r  angles of 
15" - 25' f o r  LFT and 10' - 20" f o r  CFD. The f i t s  themselves are v a l i d  from 
Oo - 25O and for depths t o  40 m, as w e l l .  
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Case 

Table 2. Bias F i t t i n g  Coe f f i c i en ts  
max. 

Fig.# a b n m k RMS dev. 

(cm) (4 

LFT 50% 66 6.5 27.0 0.58 1.25 9.26 2.5 4.7 
LFT 20% 70 8.3 21.5 0.46 1.16 0.98 1.3 2.3 
HALS*A=6=6 ns, Pm/ B=l 74 32.8 37.4 0.043 1.28 9.18 2.5 5.7 
HALS A=6=6 ns, Pm/B=10 76 15.9 21.8 0.13 1.59 1.30 2.6 6.8 
* m i i f f e r e n c e  delay, GXFD delay 

L inear  i n t e r p o l a t i o n  of tabulated values provides a s l i g h t l y  more accurate, i f  

more cumbersome, representat ion of the s imulat ion outputs, but  it i s  poss ib le  
t h a t  t he  inherent smoothing ac t i on  o f  t he  a n a l y t i c  f i t  over a l l  parameters may 
provide s l  i g h t l y  more consi s ten t  resu l t s .  Regard1 ess o f  whether CFD biases 
are der ived from tab les  o r  a formal expression, they w i l l  have t o  be 
ca l cu la ted  by i n t e r p o l a t i o n  o r  ex t rapo la t i on  from the  two given values o f  
Pm/B. As seen i n  Guenther (1982), t h e  est imat ion should be performed l i n e a r l y  
on the lOg(Pm/B). 
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6.0 BIAS CORRECTION 

6.1 I n t r o d u c t i o n  

As seen i n  sec t i on  5.3, t h e  propagation-induced depth measurement b iases 
depend f u n c t i o n a l l y  on t h e  s c a t t e r i n g  o p t i c a l  depth. The d i r e c t  o r  " a c t i v e "  
a p p l i c a t i o n  o f  s p e c i f i c  b ias  p r e d i c t i o n s  as b i a s  c o r r e c t o r s  t o  f i e l d  data 
would r e q u i r e  s u f f i c i e n t l y  accurate measurement o r  es t ima t ion  of t h e  d r i v i n g  

water  o p t i c a l  parameter, namely, t h e  s c a t t e r i n g  c o e f f i c i e n t .  S u f f i c i e n t l y  

dense and synopt ic  sea-t r u t h  measurements o f  t h e  s c a t t e r i  ng c o e f f i c i e n t  cannot 
be economical ly c o l l e c t e d  over t h e  l a r g e  and d i ve rse  areas requi red,  and i t  

cannot be ob ta ined from a n c i l l a r y ,  pass ive remote sensing devices. The o n l y  

v i a b l e  a l t e r n a t i v e  i s  thus es t ima t ion  of t h e  s c a t t e r i n g  c o e f f i c i e n t  o r  t h e  

s c a t t e r i n g  o p t i c a l  depth from q u a n t i f i a b l e  features o f  the r e t u r n i n g  l a s e r  
waveforms . 

The most s t r a i g h t f o r w a r d  and r e l i a b l e  parameter a v a i l a b l e  from t h e . r e t u r n  
waveform i s  t h e  volume backscat te r  exponent ia l  decay c o e f f i c i e n t ,  kb. It has 
been demonstrated by Gordon (1982) t h a t  f o r  s u f f i c i e n t l y  l a r g e  r e c e i v e r  FOV, 

t h e  value o f  kb i n  shal low water appears t o  be rough ly  equal t o  t h e  value of 
t h e  d i f f u s e  a t t e n u a t i o n  c o e f f i c i e n t ,  K ,  o f  t h e  water. A lso  f o r  t h e  l a r g e  
f i e ld -o f - v iew  case, P h i l l i p s  and Koerber (1984) argue t h a t  kb i s  equal t o  t h e  
absorp t ion  coe f f i c i en t ,  a value s l i g h t l y  smal le r  than K. For l i m i t e d  f i e l d s  
o f  view, t h e  backscat te r  decay c o e f f i c i e n t  i s  somewhat l a r g e r  than f o r  t h e  
large-FOV case. For a p r a c t i c a l  system FOV, t h i s  increases t h e  c o e f f i c i e n t  t o  
a va lue again very near K. I n  summation, t h e  va lue of K, o r  something very 
near it, can be est imated from i n d i v i d u a l  l i d a r  re tu rns .  

The problem i s  t h a t  t h e r e  i s  no s u f f i c i e n t l y  accurate way o f  o b t a i n i n g  an 
es t imate  of t h e  requ i red  s c a t t e r i n g  c o e f f i c i e n t ,  s, from K. From a p l o t  o f  s 
versus K data  f o r  n a t u r a l  waters, as seen i n  F ig .  77 (accumulated f rom a 
v a r i e t y  of sources), i t  can be seen t h a t  t h e  s c a t t e r  i n  t h e  func t i ona l  
p ropens i t y  i s  t o o  l a rge .  A t  K=0.15 m o l ,  f o r  example, t h e  values o f  s range 
over  a f a c t o r  of 9, which i s  f a r  t o o  l a r g e  t o  be of use. S i m i l a r l y ,  i f  one 
notes t h e  p ropens i t y  f o r  woa0.8 i n  many coas ta l  waters, one cou ld  make a rough 
es t imate  of a from t h e  K/a r e l a t i o n s h i p  i n  sec t i on  4. One cou ld  then f u r t h e r  
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est imate  ~=wga~0.8a.  For  ac tua l  cases where 0.6~%<0.9, t h e  double e r r o r s  
a r i s i n g  f rom t h i s  approx imat ion a re  again f a r  t o o  l a r g e  f o r  t h e  r e s u l t i n g  

est imates t o  be of p r a c t i c a l  use. 

Two promis ing procedures i n v o l v i n g  t h e  r e t u r n  waveforms have been 
i n v e s t i g a t e d  i n  some d e t a i l  . These a re  t h e  use o f  e x t r a p o l a t e d  volume 

backscat te r  ampl i tude t o  es t imate  s, and t h e  use o f  bottom r e t u r n  pu lse  w id th  

t o  es t imate  sD. It w i l l  be seen t h a t  bo th  procedures have a t tendant  problems 

which cause them t o  be o f  questionable u t i l i t y .  

6.2 Ex t rapo la ted  Backscatter Amp1 i tude 

. The temporal shape of t h e  volume backscat te r  r e t u r n  has been c a l c u l a t e d  

f o r  a t r i a n g u l a r  source pu lse  with a h a l f  width (FWHM), to. The model 
cons i s t s  of m u l t i p l e  forward sca t te r i ng ,  a s i n g l e  backscat te r ing ,  and m u l t i p l e  

forward s c a t t e r i n g  back t o  t h e  surface. Le t  t ime  be measured from a zero 

re fe rence when t h e  peak of t h e  source pu lse  i s  a t  t h e  a i r / s e a  i n t e r f a c e .  Fo r  
time, t, d e f i n e  x=Kct, where c i s  t he  speed o f  l i g h t  i n  water. S i m i l a r l y ,  

xOEKctO. For O<x<xo, t h e  temporal form o f  t h e  l e a d i n g  edge o f  t h e  volume 
backscat te r  s i g n a l  i s  pv(x)=u(  ~)[1+( l-x-2e~x+e'(x+xo))/xo]/K, where pv i s  t h e  
backscat te r  r e f l e c t i v i t y  per  u n i t  s o l i d  angle, and u(r )  i s  t h e  va lue of t h e  

volume s c a t t e r i n g  f u n c t i o n  i n  t h e  backscat te r  d i r e c t i o n  ( a t  180'). Th is  
waveform peaks a t  a t ime  xp=ln(2-eoxo) w i t h  a peak r e f l e c t i v i t y  

pv(xp)=u(n)[1-xp/xo]/2K. For x>xo ( the  case where t h e  e n t i r e  pu lse  i s  i n  t h e  
water), t h e  t r a i l i n g  edge of t h e  backscat te r  r e t u r n  i s  descr ibed as 
P ~ ( X ) = U ( T )  e-' [eXo+e-Xo-2]/2Kxo. E x t r a p o l a t i n g  t h i s  s lope back t o  x=O y i e l d s  
pv l  (O)=u( n)[eXo+e'Xo-2]/2Kxo which can be r e w r i t t e n  as 
p v ' ( 0 ) = [  U( ~)x~/2K][(e~o+e~~o-2)/~~~]. The l a t t e r  t e rm i n  brackets ,  f o r  
OcKc0.5 m", i s  equal t o  1.05k0.025. The ampl i tude o f  t h e  ex t rapo la ted  
backscat te r  r e f l e c t i v i t y  s lope i s  thus p v l ( 0 ) n ~ (  ~ ) x ~ / 2 K = c t ~ u ( s ) / 2 .  The va lue 
of U(T) can thus  be est imated from p v I ( 0 )  because c and to are  known. 

An emp i r i ca l  re ' l a t i onsh ip  e x i s t s  between u(n) and s i n  n a t u r a l  waters as 
seen i n  Fig. 78. The i n s e t  i s  a p l o t  o f  Petzo ld (1972) data f o r  a v a r i e t y  of 
t y p i c a l  water types from c lea r ,  deep ocean t o  f a i r l y  d i r t y  harbor. The f u l l  
p l o t  inc ludes  th ree  near l y  opaque r i v e r  samples (Whi t lock 1981) f o r  acedemic 
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i n t e r e s t .  Given u('R), s can be i n f e r r e d  from these " c a l i b r a t i o n "  curves. The 

value o f  s can thus be estimated from the  ext rapolated backscatter amplitude. 

This technique, although t h e o r e t i c a l l y  feas ib le ,  has several major 
p r a c t i c a l  drawbacks . The quan t i t y  o f  i n t e r e s t ,  pv I  (0) i s  based on an absolute 

magnitude, i.e., a system vol tage leve l ,  no t  a r e l a t i v e  q u a n t i t y  such as a 

slope. Values o f  ~ ~ ' ( 0 )  are obtained from the  absolute magnitude o f  t h e  
ext rapolated backscatter power Pv '  (0) v i a  a r e l a t i o n s h i p  such as 

m ns ria PT AR cos2e 
PJO) = P v l  (0) 9 (10) nw2 H2 

where m i s  t he  
'vs i s  the 

na i s  t he  
PT i s  the 
AR, i s  t h e  

0 i s  the 

nw i s  the  

H i s  the 

i n t e r c e p t  f a c t o r  f rom sect ion 4.3.2 (z1.25), 
t o t a l  o p t i c a l  system e f f i c i e n c y ,  

two-way a i r  path loss,  
t ransmi t ted peak power, 

rece ive r  aperture area, 
a i  r nadi r angl e, 

index o f  r e f r a c t i o n  o f  water, and 

a i r c r a f t  a l t i t u d e .  

E r ro rs  i n  est imat ing a l l  these q u a n t i t i e s  l e a d  t o  e r r o r s  i n  the  es t ima te  o f  

p v l ( 0 )  and subsequently U ( T )  and s. This means t h a t  the l i d a r  system must be 
constant ly  maintained i n  a s t a t e  of absolute rad iometr ic  c a l i b r a t i o n .  E r ro rs  
would a r i s e  from vary i  ng amp1 i f i  e r  gains and PMT voltages, temperature- 
dependent o p t i c a l  s ignal  va r ia t i ons ,  d i r t y  opt ics ,  l a s e r  power f l u c t u a t i o n s ,  
etc.  

I n  order fo r  t h i s  technique t o  be of use, t h e  waveforms must be recorded 
and returned f o r  evaluat ion i n  p o s t - f l i g h t  data processing. The system must 
conta in  no nonl inear processes such as p a r t i a l  o p t i c a l  b locks o r  var iable,  
rea l - t ime gain con t ro l  which a f f e c t  the shape o f  the backscatter t a i l .  The 
l a s e r  source pulse must be sharply terminated so t h e  t a i l  o f  t h e  surface 
r e t u r n  does not add s i g n i f i c a n t  energy i n t o  the ' backscatter signal.. The 
technique w i l l  not  work i n  r e l a t i v e l y  shallow water where t h e  backscatter 
slope i s  too shor t  t o  be accurately extrapolated and i s  contaminated by t h e  
surface and bottom r e t u r n  energies. Furthermore, t he  automated est imat ion of  
backscatter slopes from l i d a r  waveforms would be d i f f i c u l t ,  t ime consuming, 
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and the  r e s u l t s  f requent ly  imprecise. F i n a l l y ,  given u(n), t h e  est imate o f  s 
depends on then s versus u(n) c a l i b r a t i o n  curve. The e x i s t i n g  Petzold data 

set would need t o  be f u r t h e r  confirmed and expanded t o  ensure consistancy, 

6.3 Bottom Return Pulse Width 

It was noted by H. S. Lee (Moniteq 1983) t h a t  f o r  n a d i r  beam entry,  NAVY 
phase funct ion,  and o p t i c a l  depths l i m i t e d  t o  a maximum o f  16, t h e  IRF pulse 

widths ( a t  h a l f  t h e  peak he igh t )  depend l a r g e l y  on t h e  product w0QD (=sD) 
r a t h e r  than on q, and cdl separately. This i s  t he  same dependence noted i n  t h e  

depth measurement biases. This leads t o  t h e  concept t h a t  measurement o f  t h e  
bottom r e t u r n  pulse widths might be able t o  provide estimates o f  sD o f  

s u f f i c i e n t  p r e c i s i o n .  t o  be used as an i n p u t  (independent va r iab le )  f o r  

" a c t i v e l y "  se l  e c t i  ng an appropri a te  depth measurement b ias  predi  c t o r / c o r r e c t o r  
f o r  each i ndi v i  dual soundi ng. 

I n  order f o r  such a technique t o  be p r a c t i c a l ,  a number of c r i t e r i a  must 
be met. The basic f u n c t i o n a l i t y  must ho ld  a t  a l l  nad i r  angles o f  i n t e r e s t .  
The e f f e c t  of varying. phase funct ion must be small, because i t  i s  
uncon t ro l l ab le  and unknown. A procedure must be found t o  'deconvolve" t h e  
bottom r e t u r n  (i.e., t h e  ERF) t o . y i e l d  an estimate o f  t he  IRF which i s  
accurate enough t o  maintain t h e  key depth sca l i ng  property.  I n  addi t ion,  t h e  
e f f e c t  o f  environmental e f f e c t s  on the  pulse widths must be small and t h e  
added computing burden reasonable. As w i l l  now be seen, none of these 
requirements .are f u l l y  met i n  pract ice.  

The p l o t s  of pu lse width versus sD f o r  various wo are b a s i c a l l y  "s" 
shaped and saturate a t  d i f f e r e n t  l e v e l s  of pulse width. P lo ts  fo r  d i f f e r e n t  
y, tend t o  be s i m i l a r  t o ' w i t h i n  S D ' S  o f  f l ,  but  on ly  t o  t h e  exteht  t h a t  a0 i s  
l i m i t e d  t o  no more than about 16. For l a r g e r  aD, t he  pulse widths f o r  low u+, 

cases appear t o  approach sa tu ra t i on  a t  lower pulse widths. These trends 
cannot be p rec i se l y  defined because the  s imulat ion was not  c a r r i e d  out  f o r  aD 
l a r g e r  than 16 and because t h e  p rec i s ion  of t he  estimates i s  reduced f o r  low 
~0 due t o  t h e  inherent l oss  o f  s ignal  s t rength from increased r e l a t i v e  
absorpt ion (higher K). A l oss  o f '  s u f f i c i e n t  s ignal  s t reng th  tends t o  y i e l d  
anomalously reduced pulse widths, and the technique w i l l  probably not  work f o r  
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very weak signals. 

but  the above desc r ip t i on  i s  appl icable from 0' t o  a t  l e a s t  25'. 
The trends i n  t h e  r e s u l t s  vary s l i g h t l y  w i t h  n a d i r  angle, 

The phase func t i on  ef fect  on pulse widths i s  l a r g e r  than f o r  depth 
measurement biases and, as seen i n  Fig. 79, i s  not  i n s i g n i f i c a n t .  This occurs 
because t h e  t r a i l i n g  edge of t h e  bottom r e t u r n  pulse i s  more a f f e c t e d  than t h e  
leading edge. More broadly s c a t t e r i n g  phase funct ions such as "NOS" r e s u l t  i n  
longer t r a i l i n g  edges f o r  given values of sD. For an average phase funct ion 

between NAVY and NOS, t he  unce r ta in t y  i n  SD a t  h igh sD f o r  a given pulse w id th  

i s  as l a r g e  as f2 f o r  t h e  de f i n ing  cases. This alone i s  large, and when added 

t o  a number of o ther  e r r o r  sources, i t  becomes problemmatic. Also seen i s  t h e  

res idual  ~0 effect. 

Given a known source pulse, actual  deconvolut ion o f  a bottom r e t u r n  i s  
impract ica l  because i t  i s  a t ime consuming and noisy process. A simple 

a l t e r n a t i v e  i s  t o  measure t h e  width of t h e  bottom r e t u r n  and subtract  t h e  

width o f  the source pulse, e i t h e r  i n  quadrature o r  l i n e a r l y ,  t o  est imate t h e  
w id th  of t h e  under ly ing IRF. The r e s u l t s  of these procedures are seen f o r  a 

2O-m depth i n  Fig. 80 i n  comparison w i t h  the  actual .  w idth of t he  IRF. It can 
be seen t h a t  n e i t h e r  approximation i s  v a l i d  f o r  a f u l l  range o f  sD: l i n e a r  
subtract ion works best a t*  l o w  sD, and quadrature sub t rac t i on  works best a t  
h igh SO. This e f f e c t  i s  more evident a t  10 m and less  evident a t  40 m. ' As a 

r e s u l t ,  ne i the r  approximation w i l l  scale proper ly  w i t h  depth across the  f u l l  
range of sD, because the  estimate must  behave l i k e  t h e  IRF i n  order t o  scale 
proper ly.  This e f f e c t  has been confirmed by comparing r e s u l t s  scaled from 
l o i n ,  2 0 4 ,  and 40-m 'ERFs. Since t h e  biases, and hence b ias  c o r r e c t i o n  ' 

e r rors ,  are l a r g e r  a t  h igh sD, t he  quadrature sub t rac t i on  is  preferred, as 
seen i n  Fig. 81 f o r  t he  15O, NAVY case. It can be seen, f o r  example, t h a t  t h e  
uncer ta in ty  i n  SD f o r  depths from 10 m - 40 m becomes less  than k1.5 f o r  
sD>7. This i s  t he  region of i n t e r e s t  where most b ias v a r i a t i o n  occurs. 
Improved estimates of SO could be obtained by i n t e r p o l a t i o n  on depth if curves 
such as these were used f o r  c a l i b r a t i o n .  

For the procedure t o  y i e l d  r e l i a b l e  b ias estimates, the pulse widths must 
be r e l a t i v e l y  independent of i n t e r f e r i n g  e f fec ts .  This i s  no t  t h e  case. The 
bottom returns w i l l  a lso be broadened by bottom vegetation, bottom slope, 
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cora l  heads, and other  such phenomena. The pulse i s  s t re tched because p a r t  o f  
the re tu rn  comes from the  tops of the  plants, and the  r e s t  comes from the  
" t rue"  bottom. The measured depth w i l l  be a weighted average which depends on 

vegetation densi ty and which i s  s l i g h t l y  shallower than the  depth t o  the  t r u e  

bottom. 

The presence o r  absence of bottom vegetation i n  a given sounding cannot 

be known a p r i o r i ,  and the  e f f e c t  can be doubly dangerous i f  pulse width i s  

used f o r  b ias estimation. A broadened pulse impl ies higher sD. If t h e  nad i r  

angle and depth are such t h a t  biases are pos i t i ve  (deep), a h igher apparent SD 
from vegetation broadening w i l l  lead t o  p red ic t i on  of a deeper b ias  which w i l l  
then be subtracted from the already somewhat shallow resu l t ,  

Airborne l i d a r  hydrography p o s t - f l i g h t  data processing i n  t h e  f i e l d  must 
be accomplished i n  no more than a small m u l t i p l e  (Le.,  2-3x) of the  data 
acqu is i t i on  t ime i n  order f o r  the  technique t o  be p rac t i ca l .  The computing 
burden f o r  j u s t  pos i t ion ing  and depth determination f o r  the l a rge  number of 
soundings i s  staggering (Childs and Enabnit 1982). The use of ac t i ve  bfas 
correctors  on a pul se-to-pulse basis would requi re considerable .added storage 
and processing t ime f o r  estimating, scaling, and co r rec t i ng  pulse widths, 
computing sD, and computing and apply ing the bias corrPctors. 

6.4 Bias Correct ion Conclusions 

I f  the sca t te r ing  o p t i c a l  depth can be adequately estimated on a pulse- 
to-pulse basis from the  a i r ,  de ta i l ed  b ias  p red ic t ions  such as those tabulated 
i n  Appendix A can be in te rpo la ted  o r  regressed t o  produce b ias correctors .  
The a b i l i t y  t o  accurately o r  e f f i c i e n t l y  perform t h i s  est imation, however, i s  
questionable. 

The extrapolated backscatter magnitude technique fo r  est imat ion o f  t h e  
s c a t t e r i  ng coeflf i c i  ent , though theo re t i  ca l  l y  feas i  b l  e, 'appears t o  be 
r e l a t i v e l y  impract ica l  i n  app l i ca t ion  due t o  severe hardware, software, and 
accuracy problems . 

Although pulse widths appear t o  be a p laus ib le  parameter from wh'ch 
s c a t t e r i  ng op t i ca l  depth and hence propagati on-induced depth measurement 
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biases could be estimated on a pulse-to-pulse basis, t he re  a re  a number o f  
e r r o r  sources which, when summed, would s i g n i f i c a n t l y  reduce the  ef fect iveness 
o f  t h e  estimation. The resu l t s ,  although not foolproof,  could prov ide a 
l i m i t e d  measure o f  b ias  correct ion,  p a r t i c u l a r l y  f o r  non-optimal n a d i r  angles, 
i f  the'comput ing burden were acceptable. This may be t h e  l a r g e s t  drawback. 

It i s  d i f f i c u l t  t o  recommend a technique w i t h  such a l o w  bene f i t / cos t  r a t i o .  

It appears t o  be p re fe rab le  t o  r e s t r i c t  t h e  n a d i r  angle o f  operat ion t o  a 
range appropr iate f o r  minimizing the  biases ( f o r  t h e  pulse processing and 

l o c a t i o n  algor i thms selected). One can then apply simple, passive b ias  

' cor rectors  as prev ious ly  described i n  sect ion 5.4 and q u a n t i f i e d  i n  sec t i on  

5.5 (Eq.(9) and Table 2) f o r  a 7-ns source pulse and LFT o r  HALS processing. 

Procedures and b ias  tab les  i n  Guenther and Thomas (1981b) are outdated. 
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7.0 CONCLUSIONS 

The impact o f  underwater l i g h t  propagation mechanisms on t h e  depth 

measurement accuracy o f  a i  rborne 1 aser hydrography has been i nves t i  gated v i  a a 
powerful new Monte Carlo computer s imulat ion procedure. The s imu la t i on  
program provides a se t  o f  paths f o r  downwelling photons a r r i v i n g  a t  t h e  bo t tom '  
f o r  given sets o f  o p t i c a l  parameters and system var iables.  The r e s u l t i n g  

temporal and s p a t i a l  d i s t r i b u t i o n s  a re  used t o  compute impulse and actual  

source or "envi ronmental I' response funct ions a t  a d i  stant,  o f f  -nadi r ,  a i  rborne 

rece i  ver . 
Sca t te r i ng  from p a r t i  cul a t e  m a t e r i  a1 s i n  t h e  water  column causes 

substant ia l  s p a t i a l  spreading o f  t he  beam. For t y p i c a l  operat ing o p t i c a l  
depths, t h e  half-power beam w id th  i s  about 28'. Detect ion of small t a r g e t s  i s  
enhanced by 1 eadi ng-edge pulse 1 o c a t i  on a1 g o r i  thms . The resu l  t i  ng rece ive r  
f i e l  d-of -v i  ew requi  rement f o r  no s i  gni f i cant reduct ion o f  peak r e t u r n  power i s 
a f u l l  angle o f  '0.7D/H radians. For a 7-11s FWHM source pulse, t h e  peak r e t u r n  
power f o r  a s u f f i c i e n t  rece ive r  FOV can be described as exponential w i th  depth 
w i t h  a l o g  slope o f  -2nKsec4, where 1.1 < n(s, 00 ,  0 )  < 1.4. 

Depth measurement biases are ca l cu la ted  from envi ronmental response 
funct ions,  based on the  7 4 s  source pulse, f o r  several t y p i c a l  s ignal  
processi ng and pul  se 1 o c a t i  on a1 go r i  thms . These b i  ases have been devel oped 
f o r  bounding ranges o f  o p t i c a l  parameters i n  coastal waters and f o r  a l l  
comb1 n a t i  ons o f  t y p i  ca l  ope ra t i  onal system v a r i  ab1 es . The only external  i nput 
i s  t he  "phase funct ion"  s c a t t e r i n g  d i s t r i b u t i o n .  The s e n s i t i v i t y  o f  t h e  
biases t o  phase func t i on  i s  small, but  reported biases could d i f f e r  somewhat 
from f i e l d  data should the  selected Petzold funct ions prove not  t o  be 
representat ive a t  smal 1 angles. 

Resul tant biases may be e i t h e r  deep due t o  m u l t i p l e  s c a t t e r i n g  or shallow 
due t o  geometric undercutt ing, depending on nad i r  angle, water depth, and 
water o p t i c a l  propert ies.  The strongest f u n c t i o n a l i t i e s  are w i t h  s c a t t e r i n g  
o p t i c a l  depth, n a d i r  angle, and s ignal  processing and pulse l o c a t i o n  
algori thms. It has been found t h a t  t he  net  b ias  magnitudes can be l a r g e  
compared t o  i n t e r n a t i o n a l  accuracy standards, and t h a t  the b i  ases shoul d 

the re fo re  be corrected out  o f  operat ional ,  raw depth data. 
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These b ias predic t ions,  i n  t h e  form of look-up t a b l e s  o r  regressions, can 
be used as "act ive"  b ias  correctors  for  operat ional  data on a pulse-to-pulse 
bas is  i f  the  s c a t t e r i n g  o p t i c a l  depth can be estimated from t h e  waveforms w i t h  
s u f f i c i e n t  accuracy. Because of the s i g n i f i c a n t  problems involved i n  , 

es t imat ing t h e  s c a t t e r i n g  coe f f i c i en t  o r  s c a t t e r i n g  o p t i c a l  depth from t h e  
a i r ,  however, an a l t e r n a t e  approach i s  presented. It has been shown t h a t  f o r  
c e r t a i n  l i m i t e d  ranges o f  scanner n a d i r  angles, whose magnitudes depend on 

s ignal  processing protocol  , the  b ias  va r ia t i ons  due t o  unknown water o p t i c a l  
parameters are l ess  than f15 cm a t  a 2 0 4  depth and f20 cm a t  a 304 depth. 

These opt imal  nad i r  angles, i n  the  15" - 23" range, are appropr ia te f o r  system 
operat ion i n  terms of des i red swath width and a i r c r a f t  a l t i t u d e .  

Constraining operations t o  preferred nadi r angles v i  a appropri a te  scanner 
design w i l l  permit  "passive" b ias  c o r r e c t i o n  us ing mean extrema biases which 
depend only on r e a d i l y  ava i l ab le  informat ion such as nad i r  angle, depth, and 
minor f u n c t i o n a l i t i e s  such as f i e l d  o f  view and, f o r  log/dif ference/CFD 

processing, signal-to-background r a t i o .  For l i n e a r  processing w i t h  a 
f r a c t i o n a l  threshold pulse l o c a t i o n  a lgor i thm o r  f o r  log/difference/CFD 

processing, the optimum nad i r  angles and mean extrema biases reported he re in  

may be used fo r  b ias  correct ion.  For  o ther  s ignal  processing and pulse 
l o c a t i o n  protocols, corresponding mean extrema b ias func t i ona l  i t i e s  must be 
calculated, and new matching n a d i r  angles must be selected f o r  minimum b ias  
va r ia t i on .  

Systems operat ing wi thout  a c t i v e  b ias  c o r r e c t i o n  o r  not  w i t h i n  t h e  
.optimal n a d i r  angle range f o r  passive b ias c o r r e c t i o n  w i  11 experience 
unce r ta in t i es  i n  depth measurement biases, as funct ions of unknown water 
o p t i c a l  propert ies,  which can be s i g n i f i c a n t l y  l a r g e r  than i n t e r n a t i o n a l  
hydrographic accuracy standards permit. Even w i t h  1 i m i  t e d  ground-truth 

. measurements of o p t i c a l  proper t ies,  such e r ro rs  are unavoidable due t o  t h e  
inherent patch i  ness o f  coastal  waters. 
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APPENDIX A. Bias Tabulat ion 

Note: The mean biases presented here are  averaged 
between NAVY and NOS phase funct ions  as w e l l  as over 

var ious c8 and 00 combinations. S i n g l e - s c a t t e r i n g  
values of 0.8 and 0.6 were associated w i t h  NAVY, and 
0.9 and 0.8 with NOS. 
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MEAN B I A S  TABLES 

Algorithm' L F T  ; Air nadir angle 0' 

~~ 

All biases in centimeters 
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MEAN B I A S  TABLES 

Algorithm LFT ; Air nadir angle IOo 
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0.50 
0.25 
0.50 
0.25 
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Depth 
(m) 2 
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~ ~~~ ~ 
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.Al l  biases in centimeters 
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MEAN B I A S  TABLES 

Algorithm' LFT ; Air nadir angle 15" 
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A l l  biases i n  centimeters 
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MEAN B I A S  TABLES 

Algorithm L F T  ; Air nadir angle 20" 
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A l l  biases in centimeters 
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MEAN BIAS TABLES 

Algorithm' LFT ; Air nadir angle 25" 
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5 
5 
5. 

10 
10 
10 
10 
10 
10 

20 
20 
20 
20 
20 
20 

40 
40 
40 
40 
40 
40 

Thres hol d 

(%I 
20 
20 
50 
50 
80 
80 

20 
20 
50 
50 
80 
80 

20 
20 
50 
50 
80 
80 . 

20 
20 
50 
50 
80 
80 

FOV(R/D)  11 Scattering Optical Depth ( W , o l D )  

II 
0.25 
0.50 
0.25 
0.50 
0.25 
0.50 

0.25 
0.50 
0.25 
0.50 
0.25 
0.50 

0.25 
0.50 
0.25 
0.50 
0.25 
0.50 

-1 
0 
-2 
-1 
-4 
-3 

-4 
-5 
-5 
-5 
-5 
-5 

-12 
-15 
-10 
-11 
-10 
-10 

6 

1 
2 
0 
1 
-3 
-1 

-5 
-9 
-4 
-5 
-5 
-3 

-28 
- 42 
-15 
-2 1 
-11 
-11 

-87 
,118 
-46 
- 48 
-29 
-25 

10 

3 
4 
2 
4 

-1 
2 

-5 
-9 
-1 
-2 '  
-1 
1 

-32 
-48 
- 18 
-21 
- 10 

-7 

-98 
-140 
-61 
- 57 
-41 
-19 

14 

5 
6 
4 
6 
2 
5 

-5 
-8 
2 
3 
3 .  
8 

-35 
- 50 
-19 
-18 
-9 
-3 

- 104 
-143 
-71 
- 64 
-47 
- 10 

All biases in centimeters 

11 7 



MEAN B I A S  TABLES 

5 
5 
5 
5 

Algorithm: log / difference 

Air nadir angle 0" 

1 0.25 
1 0.50 

10 0.25 
10 0.50 

( b =  6ns) / CFD .( g -  6ns) 

Depth I Pm/B I F O V ( R / D )  

10 
10 
10 
10 . 

1 
1 
10 
10 

0.25 
0.50 

0.25 
- 0.50 

20 
20 
20 
20 

1 
1 
10 
10 

0.25 
0.50 
0.25 
0.50 

40 
40 

40 
40 

1 
1 

10 
10 

0.25 
0.50 

.O .25 
0.50 

1 ,  Scattering Optical Depth ( Wo cy 0 )  

All biases in centimeters 
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MEAN B I A S  TABLES 

Algorithm: l o g  / di f ference ( A =  6ns) / CFD ( & =  6ns) 

Air nad i r  angle 10" 

1 
1 

10 
10 

Depth 

(m) 2 

0.25 18 
0.50 21 
0.25 6 
0.50 7 

10 

10 
10 
10 

42 
45 
22 
26 

20 
20 
20 
20 

48 
51 
29 
32 

40 
40 
40 
40 

1 
. 1  
10 
10 

Pm/B I FOV(R/D) 11 . Scatter ing O p t k a l  Depth ( uOctD) 

0.25 15 

0.50 17 
0.25 4 
0.50 4 

37 

41 
19 
22 

44 

46 
26 
30 

1 
1 

10 
10 

1 
1 

10 
10 

0.25 9 
0.50 9 
0.25 -2 
0.50 -2 

29 
31 
12 
15 

6 

35 
37 
19 
23 

33 
36 
14 
17 

0.25 
0.50 
0.25 
0.50 

28 

32 
11 
14 

-6  
-6 

-20 

-20 

21 
22 

5 
6 

9 
11 

0 
1 

- 19 
- 18 

21 
22 

-9 
-9 

1 
2 

A l l  biases i n  centimeters 
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MEAN BIAS TABLES 

Depth 
(4 

Algorithm: log / difference 

Air nadir angle 15" 

Pm/B I FOV(R/D) 

( A =  6ns) / CFD ( b =  6ns) 

36 
38 
17 
20 

41 
42 
22 
25 

5 
5 
5 
5 

0.50 
0.25 
0.50 

1 I 0.25 
1 

10 
10 

10 
10 
10 
10 

28 
20 
11 
10 

1 
1 

10 
10 

32 
32 
16 
16 

0.25 
0.50 
0.25 
0.50 

20 
20 
20 
20 

40 
40 
40 
40 

1 
1 

10 
10 

1 
1 

10 
10 

0.25 
0.50 
0.25 
0.50 

0.25 
0.50 
0.25 
0.50 

I Scattering Optical Depth ( W o o l D )  

l 2  
17 

19 
5 
6 

12 
12 
1 
1 

1 
0 

-9 
-12 

-22 
-36 
- 50 
-72 

6 

29 

31 
12 
14 

21 
21 
6 
5 

4 
1 

- 10 
-16 

- 42 
- 54 
- 63 
-77 

8 
4 

-7 
-11 

-40 
-46 
-59 
-67 

16 
9 
0 

-4 

-32 
-39 
-44 
-57 

All biases in centimeters 
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MEAN BIAS TABLES 

6 

23 5 1 0.25 15 
5 1 0.50 15 25 
5 10 0.25 4 9 
5 10 0.50 4 10 

10 1 0.25 7 10 

10 1 0.50 6 9 
10 10 0.25 -1 -3 

II (m> 

Algorithm: log / difference ( A =  6ns) / CFD ( b =  6ns) 

I 10 

20 
20 
20 
20 

40 
40 
40 
40 

& 

. :3 I 0.50 -3 -5 

1 0.25 -3 -1% 
1 0.50 -7 -29 

10 0.25 -19 -36 
10 0.50 -37 -49 

1 0.25 -105 -108 
1 0.50 -152 - 143 

10 0.25 - 121 - 121 
10 0.50 -168 - 162 

10 

29 
30 
13 
14 

13 

12 
0 

-1 

-1 7 
-27 
-34 
-45 

-98 
- 135 
-118 
-157 

14 

32 
33 
16 
18 

16 

14 
4 
4 

-6 
- 20 
-2 1 
-3% 

-85 
-134 
-114 
-15 1 
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